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ABSTRACT 

An experimental  program has been conducted t o  compare the  e f f e c t i v e  l i v e s  of  

b a l l  bear ings opera t ing  i n  vacuum with var ious  types of MoS s o l i d  f i l m s ,  and 

wi th  a s p e c i a l  high vacuum o i l ,  as l u b r i c a n t s .  The t e s t  bear ings  were s i z e  

205 bear ings  running a t  30 rpm under a ten-pound r a d i a l  load .  Two p a r t i c u l a r  

combinations were a l s o  eva lua ted  i n  o s c i l l a t i n g  motion tests. Torque was 

used a s  the  c r i t e r i o n  f o r  f a i l u r e .  

2 

The r e s u l t s  of these  t e s t s  showed that most of t he  s o l i d  f i l m  l u b r i c a t e d  bear-  

i ngs  were e f f e c t i v e  f o r  t he  f i r s t  s eve ra l  hundred hours,  then gave high and 

e r r a t i c  torque values  a s  t he  r e s u l t  o f  deb r i s  being formed by wear of t he  

l u b r i c a n t  f i lm.  A sodium s i l i c a t e  bonded s o l i d  l u b r i c a n t  f i lm ,  which con- 

t a i n e d  MoS and g raph i t e ,  w a s  found t o  be p a r t i c u l a r l y  promising i n  both 

r o t a t i o n  and o s c i l l a t i o n .  
2 

One p a r t i c u l a r l y  s i g n i f i c a n t  r e s u l t  o f  t h i s  work was the  f ind ing  t h a t  t he  

o i l - l u b r i c a t e d  bear ings showed a sudden, l a r g e  inc rease  i n  torque a f t e r  running 

e f f e c t i v e l y  f o r  about 1400 hours i n  vacuum. 

d i c t e d  bu t  has apparent ly  never been observed exper imenta l ly ,  a t  least for 

r o l l i n g  con tac t  bear ings .  

This behavior has o f t e n  been pre-  



iii 

4 

TABLE OF CONTENTS 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  SUMMARY OF RESULTS AND RECOMMENDATIONS 

BACKGROUND ON TEIE SELECTION OF LUBRICANTS AND TEST CONDITIONS ---------- 

iv  

v i  

1 

2 

4 

8 

12 

15 

15 

25 

30 

TABLE I 

FIGURES 

APPENDICES 



i v  

LIST OF ILLUSTRATIONS AND TABLES 

Figure  
Number 

1 E f f e c t  of Speed on Torque of Gold-Plated Bearings.  
Bearing-Torque Tube Bearing w i t h  a Bore of 2.5625 inches .  Thrust  
Load 0 .6  pounds. 

3000 rpm, 0.8 pound t h r u s t  load ,  loe6  mmHg. 
2 Bar Chart  of S o l i d  Lubricant Performance: R-4 s i z e  bear ings ,  

3 Vacuum Systems f o r  Bearing Evalua t ions .  

4 Schematic of Vacuum System Layout. 

5 Schematic of Ball-Bearing Test Rig Used f o r  Vacuum Tests. 

5a P a r t s  L i s t  f o r  Ball-Bearing T e s t  Rig .  

6 P a r t i a l l y  Assembled Bearing T e s t  Rig .  

7 

8 Clean Room Assembly Area. 

9 Schematic of S t a t i c  Load Test Rig. 

Close-up of Bearing Tes t  Rig Mounted t o  Top Cover of Vacuum Chamber. 

10 Average and Peak Torque Values Measured on Three Test Bearings 
a t  30 rpm. Bearings 52100 S t e e l ,  S i ze  205. Phenolic R e t a i n e r s .  
Lubr icant  - none. Load - 10 pounds r a d i a l .  

11 Typica l  Contact Areas on Dry, Clean Bearings. 

12 Average and Peak Torque Values Measured nn Three Test RparFngs zt 
30 rpm. Bearings 52100 S t e e l ,  S i ze  205. Phenolic R e t a i n e r s .  
Lubr icant  - s i l i c a t e  bonded MoS -g raph i t e  f i l m .  Load - 10 pounds 
r a d i a l .  

13 Typica l  Contact Areas on Bearings Lubricated w i t h  S i l i c a t e  Bonded 
MoS2 - Graphite Film. 

14 Disassembled Bearing wi th  Tool S t e e l  R e t a i n e r .  Lubr icant  - Sodium 
Silicate-Bonded MoS - Graphite Film. 

15 Average and Peak Torque Values Measured on Three Tes t  Bearings a t  
30 rpm. Bearings 52100 S t e e l ,  S i ze  205, Phenolic R e t a i n e r s .  
Lubr icant  - Burnished MoS Film. Load - 10 pounds r a d i a l .  

Debris on Separa tor  P l a t e s  of Bearing Lubricated wi th  Burnished 
MoS2 Film. 

1 7  Typica l  Contact Areas on Bearings Lubricated w i t h  Burnished MoS 
Film. 

18 Average and Peak Torque Values Measured on Three T e s t  Bearings a t  
30 rpm. Bearings,  52100 Steel,  S i z e  205, Phenolic R e t a i n e r s .  
Lubr icant  - Evaporated M e t a l  Films wi th  O u t e r  Layer of MoS 
Load - 10 pounds Rad ia l .  

2 

2 

2 
16 

2 

2 '  



V I 

LIST OF ILLUSTRATIONS AND TABLES (cont'd) 

I -  

Figure  
Number 

19 

20 

21  

22 

23 

24 

25 

26 

27 

28 

29 

Typical Contac t  Areas on Bearings Lubricated wi th  Evaporated 
Metal Films and O u t e r  Layer of MoS 

Average and Peak Torque Measurements on Three T e s t  Bearings a t  
30 rpm. Bearings,  52100 Steel,  S i ze  205, Phenolic R e t a i n e r s .  
Lubr icant  - High Vacuum O i l .  Load - 10 Pounds Rad ia l .  

Cont inua t ion  of Tes t s  on Bearings Lubricated wi th  High Vacuum 
O i l  Showing Torque F a i l u r e s  and Subsequent Behavior. 

Conclusion of Ro ta t ing  Tests a t  30 rpm on Bearings Lubricated w i t h  
High Vacuum O i l .  

Typica l  Contact Areas on Bearings Lubricated wi th  High Vacuum O i l .  

Average and Peak Torque Measurements on Three Test Bearings a t  
30 rpm. Bearings,  52100 Steel.  Phenolic R e t a i n e r s .  Lubr icant ,  
MoS Film Generated by Run-In From Liquid Suspension (Dry Fi lm) .  

Typica l  Contact Areas on Bearings wi th  MoS Film Generated by 
Run-In From Liquid Suspension (Dry Film).  

O s c i l l a t i n g  T e s t .  Torque Values on Three T e s t  Bearings.  Bearings,  
52100 S t e e l .  Phenolic Re ta ine r s .  Lubr icant  - MoS Film Generated 
by Run-In From Liquid Suspension (Dry Film).  

O s c i l l a t i n g  Tes t .  
Film Generated by Run-In From Liquid Suspension (Dry Fi lm) .  

O s c i l l a t i n g  Tes t .  Torque Values on Three T e s t  Bearings.  Bearings 
52100 S t e e l .  Phenolic Re ta ine r s .  Lubr i can t -S i l i ca t e  Bonded MoS 
Graphite Film. 

Frequency i s  2 c y c l e s  pe r  second and 14.3 c y c l e s  per  second. 

O s c i l l a t i n g  Tes t .  Typical Areas on Bearing w i t h  Sil icate-Bonded 
MoS -Graphite Film. 

2 

2 

2 

2 

2 Typical Areas on Bearings Lubricated w i t h  MoS 

2 

2 

Table Number 

1 Appearance of Bearings After T e s t .  



v i  

ACKNOWLEDGEMENTS 

Technical  l i a i s o n  on t h i s  program was performed by M r .  A. Babecki of t he  Goddard 

Space F l i g h t  Center.  The au thors  acknowledge with thanks many va luab le  t echn ica l  

c o n t r i b u t i o n s  and sugges t ions  which were made by M r .  Babecki dur ing  the  course  of 

t h i s  work. 

Much of the a c t u a l  experimental  work w a s  done by M r .  S.  J.  Calabrese and M r .  

M. Russe l l  of t h e  MTI Laboratory s t a f f .  



, -  
I -  

INTRODUCTION 

During t h e  l a s t  e i g h t  yea r s ,  increas ing  e f f o r t  has  been placed on t h e  develop- 

ment of s u i t a b l e  l u b r i c a n t s  and l u b r i c a t i o n  techniques f o r  r o l l i n g  con tac t  

bear ings  t o  ope ra t e  i n  space.  Lowvapor p re s su re  o i l s  and greases  have a l r eady  

been used s u c c e s s f u l l y  i n  many s a t e l l i t e s .  

doubts  concerning t h e  a b i l i t y  of these l i q u i d s  t o  ope ra t e  e f f ec t . i ve ly  under 

t h e s e  cond i t ions  f o r  long pe r iods  of t i m e .  

However, t h e r e  are many reasonable  

So l id  l u b r i c a n t s  appear t o  have many advantages over  convent ional  o i l s  f o r  

t h e s e  a p p l i c a t i o n s .  I n  genera l ,  these advantages inc lude  t h e  following: 

1. Extremely low vapor  pressures .  

2 .  High r e s i s t a n c e  t o  d i s s o c i a t i o n .  

3 .  High r a d i a t i o n  r e s i s t a n c e .  

4. The a b i l i t y  t o  func t ion  over a much wider temperature  range. 

The major drawback t o  t h e  use  o f  so l id  l u b r i c a n t s  i n  r o l l i n g  con tac t  bea r ings  

i s  a l ack  of experience and des ign  c r i t e r i a  which can be used t o  p r e d i c t  per -  

foriiiaiice and i i f e .  Years of experience and innumerable t e s t  r e s u l t s  on o i l  o r  

g rease - lub r i ca t ed  bea r ings  have e s t ab l i shed  a reasonable  p i c t u r e  of t h e  e f f e c t s  

of  ope ra t ing  v a r i a b l e s  on bear ing  l i f e  under normal condi t ions .  

t h e r e  i s  v i r t u a l l y  no genera l  information of t h i s  type a v a i l a b l e  f o r  s o l i d  

l u b r i c a n t s  i n  r o l l i n g  c o n t a c t s .  

t h e  f e a s i b i l i t y  of us ing  these  ma te r i a l s  i n  p a r t i c u l a r  opera t ions .  

_ -  

I n  c o n t r a s t ,  

Almost a l l  of t h e  emphasis has been placed on 

The o b j e c t i v e  of t h i s  program w a s  to develope sys temat ic  t es t  d a t a  on the  p e r -  

formance, i n  vacuum, of a l imi t ed  number of b a l l  bear ing  l u t r i c a n t s  being 

considered f o r  s p a c e c r a f t  app l i ca t ions  and t o  eva lua te  the  t e s t  d a t a  t o  d e t e r -  

mine those  l u b r i c a n t  systems which a re  most s u i t a b l e  f o r  l o n g - l i f e  space 

a p p l i c a t i o n s .  

A series of b a l l  bear ings  t e s t s  were run i n  slow speed r o t a t i o n  under s tandar -  

d i zed  t e s t  cond i t ions  wi th  one v a r i a b l e ,  the  l u b r i c a n t  i t s e l f .  Two p a r t i c u l a r  

l u b r i c a n t s  were a l s o  eva lua ted  with o s c i l l a t i n g  motion. These t e s t s  were made 

i n  vacuum, us ing  torque  as the  c r i t e r i o n  f o r  f a i l u r e .  This r e p o r t  desc r ibes  

and d i s c u s s e s  t h e  r e s u l t s  ob ta ined .  



SUMMARY OF RESULTS AND RECOMMENDATIONS 

1. 

2 .  

3 .  

Based on t h e  r e s u l t s  of t hese  t e s t s ,  t h e  sodium s i l i c a t e  bonded MoS2- 

graph i t e  f i l m  appears  t o  have the most promise f o r  long l i f e  i n  slow- 

speed r o t a t i n g  o r  o s c i l l a t i n g  ro l l i ng -con tac t  bear ings .  

run-in p r i o r  t o  us ing  these  bear ings i s  e s s e n t i a l  f o r  c o n s i s t e n t  oper- 

a t i o n .  At t h e  p re sen t  time, a s i x t e e n  hour run-in a t  the  d e s i r e d  load 

and speed appears  t o  be adequate. 

of t hese  bear ings  be fo re  and af ter  run- in  t o  determine how t h i s  i s  

a f f e c t i n g  performance and t o  screen ou t  f a u l t y  bear ings .  

A per iod  of 

It i s  necessary t o  measure t h e  torque 

The mode of f a i l u r e  i n  these  so l id - f i lm  l u b r i c a t e d  bear ings  i s  wear of 

t h e  l u b r i c a n t  f i l m  and subsequent jamning of t he  bear ings  by t h e  loose 

d e b r i s .  This  would probably be even more s e r i o u s  i f  t he  bear ings  had 

been mounted on a h o r i z o n t a l  ins tead  of a ver t ica l  s h a f t .  On the  v e r t i c a l  

s h a f t ,  much of t h e  d e b r i s  w a s  ab le  t o  f a l l  out  of t he  bear ings .  

The f a i l u r e s  obtained wi th  t h e  o i l - l u b r i c a t e d  bear ings  i n d i c a t e  t h a t  t h e r e  

i s  a p o t e n t i a l  problem wi th  convent ional  l u b r i c a n t s  and t h a t  evapora t ion  

of  t h e  o i l  i s  no t  t h e  only mode of  f a i l u r e .  

These t e s t : r e s u l t s  i n d i c a t e  t h a t  the sodium s i l i c a t e  bonded f i l m  i s  gene ra l ly  

b e t t e r  than any of t h e  o t h e r  contenders.  This  f i l m  has  c e r t a i n  inhe ren t  advan- 

t abes  inc luding  t h e  following: 

1. A number of i n v e s t i g a t i o n s  have been publ ished and more t e s t  

information i s  a v a i l a b l e  on t h e  performance of t h i s  f i l m  than  

any o t h e r  s o l i d  l u b r i c a n t .  

2. The method of a p p l i c a t i o n  i s  s t r a igh t fo rward  and a complete 

d e s c r i p t i o n  of t h e  process  i s  a v a i l a b l e .  

3 .  The c o n s t i t u e n t s  of t h i s  f i lm are completely inorganic  and can  

be used i n  high r a d i a t i o n  o r  h igh temperat.ure app l i ca t ions .  

However, t h e r e  i s  cons iderably  more information requi red  under c a r e f u l l y  
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con t ro l l ed  test  condi t ions .  In p a r t i c u l a r ,  t he  e f f e c t  of bear ing  c l ea rances ,  

t y p e  and e x t e n t  of loading and t h e  e f f e c t  of speed should be determined. 

ua t ions  should a l s o  be made using o ther  r e t a i n e r  m a t e r i a l s  bes ides  the  phenol ics .  

By a s u i t a b l e  choice of r e t a i n e r  ma te r i a l s ,  i t  might be p o s s i b l e  t o  use much 

th inne r  l u b r i c a n t  f i lms ,  thus lessening  the  problem of d e b r i s  genera t ion .  This 
t y p e  of information would be a s i g n i f i c a n t  con t r ibu t ion  t o  our  fund of know- 

ledge on so l id - lub r i ca t ed  bear ings .  

Eval- 
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BACKGROUND ON THE SELECTION OF LUBRICANTS AND TEST CONDITIONS 

So l id  l u b r i c a n t s  f o r  r o l l i n g  e l e m e n t  bear ings  which must ope ra t e  under vacuum 

cond i t ions  have been s tudied  i n  seve ra l  programs. 

a l i t e r a t u r e  search  i n  t h i s  a r e a  i s  included as Appendix B of t h i s  r e p o r t .  

t h e  fol lowing paragraphs,  t h i s  background i s  d iscussed  b r i e f l y  as it app l i e s  t o  

t h i s  p a r t i c u l a r  work. 

A sununary of t h e  r e s u l t s  of 

I n  

A. Comments on Lubr icants  

1. So l id  Lubricant  Films 

For the  most p a r t ,  t h e  work on s o l i d  f i lm- lub r i ca t ed  bea r ings  has  been concen- 

t r a t e d  on bonded f i l m s  of MoS o r  Teflon, and on s o f t  metal f i l m s  such a s  gold,  

s i lver o r  bismuth. I n  ou r  own previous work, a series of tes ts  performed on 

s i lver ,  gold,  and s i l ica te -bonded MoS2 f i lms  us ing  l a r g e ,  low-speed b a l l  bear ings ,  

had shown t h a t  torque levels on t h e  o rde r  of .07 inch  ounces a t  300 rpm should 

be achieved when t h e  bear ings  a r e  properly l u b r i c a t e d .  These were torque-tube 

bea r ings  wi th  a bore of 2.5625 inches.  These t es t s  a l s o  showed t h a t  t he  m e t a l -  

l i c  f i l m s ,  p a r t i c u l a r l y  gold,  were s e n s i t i v e  t o  ope ra t ion  a t  very  low temper- 

a t u r e s ,  on t h e  o rde r  of -100 F. The s i l i ca t e  bonded MoS -g raph i t e  f i lm ,  

a l though i t s  torque  w a s  somewhat h igher  than  t h e  metal p l a t i n g s ,  w a s  more con- 

s i s t e n t  over  t h e  e n t i r e  temperature range from -100 F t o  +GOO F. Except f o r  

extremely low temperature opera t ion ,  gold w a s  a good l u b r i c a n t  i n  l a r g e  bear ings  

ranging  i n  bore from 20 mm t o  35 mm, running a t  low speed under very  l i g h t  

t h r u s t  loads.  Some a t tempts  were made t o  determine t h e  e f f e c t  of speed on bear-  

i n g  torque .  A s  shown i n  F igure  1, under a l i g h t  t h r u s t  load the  torque increased 

l i n e a r l y  wi th  speed i n  t h e  range from 16 rpm t o  400 rpm. 

2 

2 

The performance of s m a l l ,  h igh speed r o l l i n g  element bea r ings  gave very  d i f f e r -  

e n t  r e s u l t s  than  t h e  low speed bear ing tests. F igure  2 i s  a b a r  graph showing 

t h e  l i f e  ob ta ined  wi th  R-4 s i z e  bear ings  ope ra t ing  a t  3000 rprn wi th  a 0.8 pound 

t h r u s t  load.  Gold and s i l v e r  were the poores t  candida tes  i n  t h e s e  tes ts .  

These r e s u l t s  i l l u s t r a t e  t he  danger of ex t r apo la t ing  d a t a  from one p a r t i c u l a r  

tes t  t o  another ,  e n t i r e l y  d i f f e r e n t ,  set of cond i t ions .  Our own experience has  

shown t h a t  many f a c t o r s  must be considered inc luding  the  t e n a c i t y  of t he  f i l m  t o  

t h e  s u b s t r a t e ,  t he  mechanical p rope r t i e s  of t h e  f i l m  and t h e  s u b s t r a t e ,  and t h e  
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wear ra te  and na tu re  of t h e  d e b r i s  which i s  formed. General ly ,  m e t a l  f i lms  

such as gold o r  s i l ve r  are very  e f f e c t i v e  under l i g h t  loads b u t  t hese  are very  

s e n s i t i v e  t o  both speed and load.  Bonded s o l i d  l u b r i c a n t  f i lms  appear t o  have 

b e t t e r  load and speed c a p a b i l i t y ,  but  t hese  f i lms  are d i f f i c u l t  t o  apply uni-  

formly and w i l l  wear apprec iab ly  during run-in.  This  can r e s u l t  i n  jamming by 

loose  d e b r i s  o r  i t  can r e s u l t  i n  a s i g n i f i c a n t  change i n  t h e  pos i t i on ing  func- 

t i o n  of t h e  bear ing .  

2. Re ta ine r  Supply Techniques 

When s o l i d  l u b r i c a n t  f i l m s  are used, t he  e f f e c t i v e  l i f e  of t he  bea r ing  i s  d e t e r -  

mined by the  wear l i f e  of t h e  f i lm.  Once t h e  f i l m  wears through, meta l l ic  

c o n t a c t s  w i l l  even tua l ly  cause bear ing f a i l u r e .  Therefore?  it. i s  l o g i c a l  t o  

cons ider  some means f o r  rep len ish ing  t h e  f i lm .  One approach is  t o  make t h e  

r e t a i n e r  as a source of s o l i d  lub r i can t  with t h e  expec ta t ion  t h a t  t h e  material  

t r a n s f e r  from t h e  r e t a i n e r  t o  t h e  b a l l s  and r a c e s  w i l l  provide a cons t an t  supply 

of l u b r i c a n t .  I n  t h e  fol lowing t a b l e ,  a few t y p i c a l  r e s u l t s  of us ing  t h i s  

approach are given: 

RETAINER - LUBRICATED ROLLING CONTACTS 

Load Speed 
Lbs. RPM R e  t a  i n e r  

Ag-PTFE-WSe2 75 1800 
Bronze PTFE-MoS2 75 1800 
PTFE-Glass Fiber-MoS2 75 1800 
MoS -Sodium S i l i c a t e  i n  Reservoirs  5 10000 

70 1750 
200 600 2 PTFg-Ceramic Fiber-MoS 

10 5000 2 PTFE-Ceramic Fiber-MoS 
PTFE-Ceramic Fiber-MoS2 

10 6000 
2 PTFE-Ceramic Fiber-MoS 

One l i m i t a t i o n  t o  t h i s  technique is the  s a c r i f i c e  

- 
Temp. 
OF 

80 
80 
80 

7 50 
80 
80 

150 
2 60 

L i f e  
Hours 

100 
j 100 
> 100 

1148 
>8000 

800 
565 
122 

Ref. 

1 
1 
1 
2 
3 
3 
3 
3 

- 

i n  t he  s t r u c t u r a l  s t r eng th  of  

t h e  r e t a i n e r  material ,  It i s  a l s o  doubt fu l  i f  t h i s  approach cou id  be used f o r  

l u b r i c a t i n g  bear ings  which o s c i l l a t e  r a t h e r  than  r o t a t e .  Unless t h e  amplitude 

of o s c i l l a t i o n  i s  l a r g e  enough t o  allow the  b a l l s  t o  t r a n s f e r  m a t e r i a l  from t h e  

r e t a i n e r s  t o  the  races, t h e  bear ings w i l l  n o t  be adequately lub r i ca t ed .  
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B. Comments on T e s t  Condi t ions 

For the  most p a r t ,  bear ing  eva lua t ions  wi th  s o l i d  l u b r i c a n t s  have been f o r  spe- 

c i f i c  requirements and, as a consequence, genera l  des ign  d a t a  has  no t  been 

obtained.  One p a r t i c u l a r  aspec t  which deserves  more cons ide ra t ion  i s  t h e  level 

of  torque produced by the  bear ings  under a v a r i e t y  of ope ra t ing  cond i t ions ,  and 

the  cons is tency  of t h i s  to rque  as a func t ion  of t h e  acceptab le  l i f e  of  t h e  

bear ing .  This  has  l ed  t o  a s i t u a t i o n  where t h e  t e r m ,  l i f e ,  i s  not. completely 

meaningful un le s s  a s i t u a t i o n  i d e n t i c a l  t o  t h e  p a r t i c u l a r  test. arises. 

It i s  a l s o  d i f f i c u l t  t o  determine what t es t  cond i t ions  should be s e l e c t e d  f o r  

t h e  bear ing  eva lua t ions .  For example, it i s  normally most convenient t o  t e s t  

under condi t ions  of loading  where the weight of a f l o a t i n g  housing o r  r o t o r  

provides  a c o n s i s t e n t  load.  

housing from r o t a t i o n .  However, there a r e  many a p p l i c a t i o n s  where t h i s  method 

of loading does n o t  s imula te  t h e  a c t u a l  cond i t ions  which w i l l .  be encountered i n  

t h e  a p p l i c a t i o n .  

Torque can e a s i l y  be measured by r e s t r a i n i n g  t h e  

Bearing geometry p re sen t s  another  problem. Under normal cond i t ions  i n  o i l -  

l u b r i c a t e d  bea r ings ,  t h e  geometry can be c l e a r l y  s p e c i f i e d  wi th  regard t o  bear-  

i ng  s i z e ,  pe rmis s ib l e  torque and r a d i a l  c l ea rances  which are requi red  t o  accom- 

p l i s h  t h e  pos i t i on ing  func t ion .  However, when the  l u b r i c a n t  i s  a bonded s o l i d  

f i l m  which may wear r ap id ly  dur ing  the  i n i t i a l  s t a g e s  of ope ra t ion ,  should t h e  

c l ea rances  be chosen t o  accommodate t h e  f i l m  o r  t o  provide  reasonably accu ra t e  

p o s i t i o n i n g ?  

Material and Bearing Design Se lec t ions  

The p r e s e n t  tes t  series undertaken for NASA sought t o  combine two o b j e c t i v e s ;  

(1) t o  o b t a i n  d a t a  t h a t  w a s  p e r t i n e n t  t o  a ser ies  of a p p l i c a t i o n s  f o r  which NASA 

wished t o  determine t h e  c a p a b i l i t y  of va r ious  1ubricaDts .  and (23 t o  s t a r t  on a 

l o g i c a l  and c o n t r o l l e d  test  procedure which would y i e l d  des ign  information under 

known ope ra t ing  cond i t ions .  

Most of t h e  eva lua t ion  work on s o l i d  l u b r i c a t e d  r o l l i n g  Element bear ings  has  

been done e i t h e r  under d i r e c t  load cond i t ions  o r  i n  equipment which has  consid-  

e r a b l e  excess  power and as a consequence would nor  be s e n s i t i v e  t o  chaEges i n  
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bear ing  torque.  

ances would be more benign t o  t h e  opera t ion  of s o l i d  f i l m  l u b r i c a t e d  r o l l i n g  

element bear ings ,  t he  i n i t i a l  wear-in would r e s u l t  i n  a cons iderable  change i n  

r a d i a l  p lay .  

ments un le s s ,  of course,  t h e r e  i s  a mechanism, such as a load sp r ing ,  which 

cont inuously removes p l ay  from t h e  system. 

a ques t ion  of t h e  a b i l i t y  of t he  bear ing t o  s l i p  i n  i t s  housing t o  accomplish 

t h i s  compensating func t ion .  A s  a consequence, i t  w a s  f e l t  t h a t  t h e  s p e c i f i e d  

r a d i a l  c l ea rance ,  .0008 t o  .0011 was a reasonable  range which would provide 

acceptab le  r a d i a l  l o c a t i o n  wi thout  t h e  n e c e s s i t y  f o r  superimposed pre loading .  

A review of p o t e n t i a l  a p p l i c a t i o n s  ind ica t ed  t h a t  t h e  dominant loading  t o  be 

expected w a s  i n  t h e  r a d i a l  d i r e c t i o n .  Although i t  would have beer! much more 

convenient  from t h e  s t andpo in t  of load a p p l i c a t i o n  and torque m, Pasutement t o  

use  a pure t h r u s t  load ( the  weight of t h e  housing) i t  w a s  f e l t  t h a t  c e r t a i n  

jamming c h a r a c t e r i s t i c s  i nhe ren t  t o  t h e  r a d i a l  system would n o t  be observed. 

Another c r i t i c a l  a spec t  i n  genera t ing  use fu l  des ign  d a t a  was t o  s p e c i f y  t h e  

appl ied  load and main ta in  i t  throughout t h e  tes t  cond i t ions .  Much of t h e  

a v a i l a b l e  information s p e c i f i e s  the load only as " l i g h t "  and leaves much t o  

t h e  des igne r s  imaginat ion.  

Although it w a s  recognized t h a t  extremely wide i n t e r n a l  clear- 

Such changes are n o t  compatible wi th  p r e c i s e  l o c a t i n g  r equ i r e -  

In t he  l a t te r  case  t h e r e  is always 

For t h e  p re sen t  program i t  w a s  decided t h a t  a ten-pound r a d i a l  load c o n s t i t u t e d  

a real is t ic  load level  and t h e  c learance  range s p e c i f i e d  was compatible wi th  

l o c a t i o n  requirements  of t he  var ious a p p l i c a t i o n s .  

S o l i d  l u b r i c a n t  f i l m s  r a t h e r  than composite r e t a i n e r  materials were s e l e c t e d  

f o r  t h e s e  eva lua t ions  s i n c e  the  bear ings were t o  be run i n  both r o t a t i o n  and 

o s c i l l a t i o n .  
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DESCRIPTION OF TEST EQUIPMENT 

1. The Vacuum Systems 

A photograph of two of t h e  vacuum systems, and a schematic of t he  vacuum system 

des ign ,  are shown i n  F igures  3 and 4 .  Because of t he  n a t u r e  of  t h i s  work, no 

o i l  pumps were used, e i t h e r  f o r  rough pumping o r  f o r  t he  h igh  vacuum pumps. 

This  o i l - f r e e  pumping system fea tu re  w a s  considered e s s e n t f a l  t o  prevent  acc i -  

d e n t a l  contaminat ion of t h e  t e s t  ma te r i a l s .  

Each vacuum system cons i s t ed  of a v e r t i c a l  s t a i n l e s s  s tee l  c y l i n d e r  wi th  an in-  

s i d e  diameter  of 14 inches and a working depth of 14 inches .  A 100- l i t e r -pe r -  

second t r i o d e  ion  pump w a s  mounted i n  t h e  bottom of t h e  chamber. Rough pumping 

w a s  done by a p a i r  of so rp t ion  pumps. Addi t iona l  pumping capac i ty  was a l s o  

a v a i l a b l e  from a 300-l i ter-per-second subl imat ion pump mounted on one s i d e  of 

t h e  vacuum chamber. However, during these  tests,  t h i s  pump w a s  only used on 

rare occasions.  F i n a l l y ,  t h e  use  of l i q u i d  ni t rogen-cooled r e s e r v o i r s  and 

c h i l l  p l a t e s ,  which are descr ibed  i n  more d e t a i l  i n  t h e  s e c t i o n  on Evaporat ive 

Simulat ion,  a l s o  provided very  fast pumping f o r  c.ondensible vapors .  The chamber 

vacuum was measured by means of a General Electric t r i g g e r  gage mounted i n  t h e  

c e n t e r  of t h e  chamber as shown i n  Figure 4 .  

These systems have no e las tomers ,  copper O-rings were ussd throughout f o r  seal- 

ing  f l anges .  The systems were completely bakeable.  Four feedthroughs were 

provided i n  t h e  cover  of t he  vacuum chamber f o r  e l e c t r i c a l  connect ions.  Each 

feedthrough could handle  e i g h t  wire connect ions.  

2 .  Temperature Cont ro ls  

To permi t  tests t o  be run a t  low temperatures,  a r e f r i g e r a t i o n  c o i l  w a s  welded 

t o  t h e  i n s i d e  of t he  w a l l  of t h e  vacuum chamber. This  c o i l  w a s  connected t o  

an a i r - coo led  cascade r e f r i g e r a t i o n  u n i t  which expaided Freon through t h e  c o i l .  

The c o i l  temperature  could be con t ro l l ed  i n  the  range from +50 F t.o -100 F.  

Add i t iona l  coo l ing  w a s  a l s o  ava i l ab le  from t h e  l i q u i d  n i t rogec-cooled  conden- 

s i n g  p l a t e s  which viewed the  bear ings.  

I f  r equ i r ed ,  h e a t  could be supplied t o  run  t h e  bear ings  a t  h ighe r  temperatures 
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by d isconnec t ing  t h e  r e f r i g e r a t i o n  system and us ing  a bake-out mant le  t o  h e a t  

t h e  wal l s  of t h e  chamber. Nichrome wire-wound h e a t e r s  i n  qua r t z  tubing could 

a l s o  be mounted on the  bear ing  housings.  

3 .  Bearing Test Equipment 

A schematic drawing of t h e  bear ing  test equipment i s  shown i n  F igure  5.  A l is t  

of t h e  names of  t h e  e s s e n t i a l  p a r t s  are g ive3  on t h e  page fol lowing t h i s  F igure  

(Figure 5a).  With very  few except ions,  a l l  p a r t s  were made of po l i shed  austen-  

i t i c  s t a i n l e s s  steel. Photographs of t h i s  equipment are shown i n  Figures  6 and 

7 .  

This  t es t  r i g  cons i s t ed  of a v e r t i c a l  sha f t  supported on each end by b a l l  bear-  

ings  mounted i n  end p l a t e s .  These end p l a t e s  were t i e d  toge the r  by t h r e e  

mounting pos t s  which a l s o  served t o  ho ld  the  torque measuring f l e x u r e s  and t h e  

r a d i a l  load f l exures .  The whole bear ing assembly w a s  b o l t e d  t o  the  top cover  

of t h e  vacuum chamber. 

Three t es t  bear ings ,  i n  stainless s t e e l  housings,  were mounted on t h e  c e n t e r  

span of t h e  ver t ical  s h a f t  wi th  s leeve  spacers  between each bear ing  t o  provide  

mounting su r faces  f o r  t h e  inne r  races .  The top and bottom support  bear ings  

were l i g h t l y  preloaded i n  t h e  t h r u s t  d i r e c t i o n  with shims. Each of t he  t h r e e  

t e s t  bear ings  w a s  subjec ted  t o  a ten-pound r a d i a l  load by means of a s t a i n l e s s  

s t e e l  w i r e  p u l l i n g  a g a i n s t  t h e  bear ing  housing. One end of t h i s  w i r e  w a s  

f a s t ened  secu re ly  t o  t h e  housing. The o t h e r  end w a s  a t tached  t o  a can t i l eve red  

steel  f l e x u r e  by means of a b o l t  with a set of locking n u t s  f o r  load adjustment.  

S t r a i n  gages were mounted on these  s tee l  f l e x u r e s .  The sp r ing  r a t e  of t h e  

f l e x u r e  w a s  made s m a l l  so  t h a t  small changes due t o  expansion would have a neg- 

l i g i b l e  e f f e c t  on t h e  appl ied  load.  To apply t h e  load,  t h e  b o l t  and nut  

assembly w a s  ad jus ted  u n t i l  t he  s t r a i n  gage s i g n a l  i nd ica t ed  the  des i r ed  load.  

Then t h e  locking  n u t s  w e r e  pu l l ed  up t i g h t l y  i n  place.  I n i t i a l  t es t s  showed 

t h a t  new s t a i n l e s s  s teel  w i r e  would s t r e t c h  and re I ievE the  load gradual ly  

under these  cond i t ions .  However, it w a s  found t h a t  if t h e  wi re  w a s  p re s t r e t ched  

w i t h  a heav ie r  load,  t h i s  problem was e l imina ted .  

These t es t  bear ings  a l s o  had a 1 . 6  pound load i n  the  t h r u s t  d i r e c t i o n  which 
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w a s  imposed by t h e  weight of the  bear ing housing. 

Torque w a s  measured on each t e s t  bear ing by r e s t r a i n i n g  t h e  bear ing  housing 

from r o t a t i o n  wi th  a can t i l eve red  f l exure  a r m  on which s t r a i n  gages w e r e  mounted. 

The p o s i t i o n s  and c o n t a c t  p o i n t s  of t h e s e  f l e x u r e s  were c a r e f u l l y  ad jus t ed  p r i o r  

t o  each run.  

load w i r e ,  a low sp r ing  rate of the load c a n t i l e v e r  was requi red ,  and torque 

c a l i b r a t i o n  was done wi th  t h e  load appl ied .  

Since t h e  housing was a l s o  r e s t r a i n e d  from r o t a t i o n  by t h e  r a d i a l  

Temperatures were measured with four  copper-constantan thermocouples. Three 

of t hese  couples  contac ted  t h e  ou te r  r aces  of t h e  t h r e e  t es t  bear ings .  

f o u r t h  couple  w a s  used t o  monitor the  s t r u c t u r e  temperature.  

w e r e  recorded on a Brown recorder .  

The 

These temperatures  

The tes t  r i g  w a s  r o t a t e d  by means of a magnetic d r i v e  a c t i n g  through the  top 

cover  of t h e  vacuum chamber. 

of t h e  bear ing  test  s h a f t  i n s i d e  the vacuum chamber. 

mounted o u t s i d e  t h e  cover  and w a s  turned by a v a r i a b l e  speed DC motor. 

recess was machined i n  t h e  cover ,  so t h a t  t hese  two magnets could be pos i t ioned  

as c l o s e l y  toge the r  as poss ib l e .  

The dr iven  magnet w a s  mounted on t h e  top end 

The d r i v e  magnet w a s  

A 

Two tests were a l s o  run wi th  an o s c i l l a t i n g  motion in s t ead  of r o t a t i o n .  The 

scheme f o r  achiev ing  o s c i l l a t i o n  i s  descr ibed  a t  t he  beginning of t h e  s e c t i o n  

where these  test  r e s u l t s  are reported.  

Speed w a s  measured wi th  a magnetic speed pickup which sensed the  t e e t h  of a 

60-tooth s teel  gear  mounted on the  lower end o f  t h e  t es t  s h a f t .  The s i g n a l  

from t h i s  pickup w a s  amplif ied by a K i n t e l  a m p l i f i e r  and read o f f  of a H e w l e t t  

Packard frequency m e t e r .  

4 .  Evaporat ive Simulat ion 

When a molecule i s  desorbed o r  evaporated from a s u r f a c e  exposed t o  o u t e r  space,  

t o  a l l  i n t e n t s  and purposes,  it i s  l o s t .  Only r a r e l y  w i l l  t h i s  molecule co l -  

l i d e  wi th  another  molecule and be re turned  t o  the  su r face .  To s imula te  t h i s  

c o n d i t i o n  i n  t h e  l abora to ry ,  more than  low p res su re  is necessary.  Condensing 
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su r faces  must a l s o  be provided t o  t r a p  t h e  molecules which escape.  

f o r  t h i s  condi t ion ,  a l i q u i d  n i t rogen  r e s e r v o i r  system w a s  b u i l t  i n t o  t h e  top 

cover  of t he  vacuum chamber. This  r e s e r v o i r  system consist .ed of t h r e e  two-inch 

diameter  c y l i n d e r s  which extended down i n s i d e  t h e  chamber around t h e  t es t  r i g .  

The c y l i n d e r s  were in te rconnec ted  below t h e  t e s t  r i g  by smaller diameter  tubing 

which w a s  c o i l e d  t o  compensate f o r  thermal expansion and c o n t r a c t i o n .  

condensing p l a t e s  were b o l t e d  t o  the frame of these  cold tubes and extended 

above and below each of t he  t e s t  bear ings.  The conf igu ra t ion  of t hese  copper 

p l a t e s  provided an o p t i c a l l y  t i g h t  pa th  from t h e  evapora t ing  s u r f a c e s  of t h e  

bear ings  so t h a t  c r o s s  contamination w a s  no t  poss ib l e .  An automatic  l i q u i d  

n i t rogen  c o n t r o l  system maintained t h e  proper  l i q u i d  l e v e l  i n  t h e  cryogenic 

r e s e r v o i r s .  

To provide  

Copper 

Working Area 

The room i n  which these  vacuum systems are loca ted  i s  a d u s t - f r e e  area. Atmos- 

phe r i c  c o n t r o l  i s  maintained by f i l t e r i n g  t h e  i n l e t  a i r  t.hrough Absolute f i l t e r s .  

The room i s  maintained under a s l i g h t  p o s i t i v e  p re s su re  i n  o r d e r  t o  minimize 

d u s t  contamination. An ad jacen t  room has  a l s o  been se t  up t o  do p r e c i s i o n  

assembly work. 

assemblies  which have t o  be checked ou t  i n  a i r  before  running vacuum t e s t s .  

F igu re  8 i s  a photograph of t h e  assembly area. 

These c l e a n  room f a c i l i t i e s  are considered e s s e n t i a l  t o  p r o t e c t  

S t a t i c  Load T e s t  R i g  

Th i s  test  r i g  w a s  used t o  apply a 2100-pound r a d i a l  load t o  each of t h e  t es t  

bea r ings  be fo re  the  vacuum tes ts .  The purpose of t h i s  t es t  w a s  t o  determine 

how w e l l  t h e  s o l i d  f i lm- lubr ica ted  bear ings  could withstand a t y p i c a l  launch 

load .  The t e s t  r i g  i s  shown schematical ly  i n  F i g u r e 9  Four bea r ings ,  t h r e e  

of them t e s t  bea r ings  and one a dummy bear ing  w e r e  mounted on a s h a f t  and t h e  

whole assembly w a s  se t  i n t o  the  t e s t  f i x t u r e .  A hydrau l i c  j a c k  w a s  used t o  

apply  a 4200-pound load t o  t h e  two c e n t e r  bear ings  (2100 pounds on each) .  The 

two end bear ings  equa l ly  shared the 4200-pound r e a c t i o n  load.  
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TEST PROCEDURE 

1. General Notes 

For each t e s t ,  f i v e  bea r ings  were requi red  f o r  t h e  t es t  r i g .  Three of t hese  

were test bear ings  and t h e  o t h e r  two were support  bear ings .  I n  every case, 

t h e  same bea r ing - lub r i can t  combination w a s  used f o r  both t h e  support  bear ings  

and the  test bear ings.  This  was done t o  avoid any p o s s i b i l i t y  of contaminat ing 

t h e  t e s t  bear ings  wi th  a l i e n  materials. 

The unpackaging of t h e  t es t  bear ings and a l l  test  assembly work was done i n  

t h e  dus t - f r ee  rooms, gene ra l ly  i n  S t e r i s h i e l d  c a b i n e t s .  N o  t es t  bear ings  

w e r e  handled wi th  ba re  hands.  

du r ing  assembly ope ra t ions .  

E i t h e r  nylon o r  po lye thylene  gloves were worn 

2 .  Test Sequence 

a) The bear ings  were unpacked, examined, assembled i f  necessary,  and mounted 

i n  t h e  bear ing  housings on the  bea r ing  tes t  r i g  s h a f t .  

b) The bear ing  torques  were measured i n  a i r  a t  30 rpm wi th  a ten-pound r a d i a l  

load appl ied .  If t h e  r e s u l t s  i nd ica t ed  t h a t  a run-in w a s  necessary,  it 

w a s  done a t  t h i s  p o i n t  and the  torque  was remeasured a t  t h e  end of t he  

run- i n .  

c )  The bear ings  were removed from t h e  tes t  r i g  s h a f t  and were mounted i n  t h e  

s t a t i c  load r i g .  

d )  A 4200-pound s t a t i c  r a d i a l  load w a s  appl ied  t o  each p a i r  of bear ings  

(2100 pounds p e r  bear ing)  f o r  f i f t e e n  minutes.  

r o t a t e d  dur ing  t h i s  load cycle .  

The bear ings  w e r e  no t  

e) The bear ings  were taken  out  of t h e  s t a t i c  load r i g ,  mounted i n  the  t es t  

r i g ,  and torque  w a s  aga in  measured i n  a i r  a t  30 rpm wi th  t h e  ten-pound 

r a d i a l  load.  
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f )  The test  r i g  w a s  then set  i n  the vacuum chamber, evacuated,  and t h e  bea r ing  

' .  

I :  

temperature w a s  brought down t o  +20 F. 

g) The bear ing  torque  w a s  measured a t  30 rpm and t h e  vacuum l i f e  tes t  w a s  

s t a r t e d .  

3 .  Sequence and Durat ion of L i f e  Tes ts  

It was o r i g i n a l l y  s p e c i f i e d  t h a t  each bea r ing - lub r i can t  combination w a s  t o  be 

run f o r  1000 hours  (un le s s  f a i l u r e  occurred)  under t h e  fol lowing tes t  condi t ions :  

Speed - 30 rpm i n  r o t a t i o n  

Radial  Load - 10 pounds 

Thrust  Load - 1.6  pounds (housing weight) 

Ambient Temperature - +20 F 
-7 Vacuum - 1 x 10 Torr  o r  b e t t e r  

I n  c e r t a i n  tests,  longer  runs were made i f  t he  bear ings  were s t i l l  i n  good con- 

d i t i o n  a t  t h e  end of 1000 hours.  

F a i l u r e  was def ined  as a two-fold increase  i n  torque .  Again, many tes ts  w e r e  

cont inued w e l l  beyond t h i s  po in t  t o  be su re  t h a t  t h e  torque would remain h igh .  

4 .  Desc r ip t ion  of T e s t  Bearings and Lubr icants  

T e s t  Bearings 

A l l  of t h e  bea r ings  used i n  these  tests were ABEC-7,Type 205, a n g u l a .  con tac t  

bea r ings  of 52100 s teel .  Nominal c learances  (.0008 - .0011 inches) w e r e  

s p e c i f i e d .  The r e t a i n e r  w a s  a fabric- laminated phenol ic .  

Lubr icants  

a) A d ry ,  un lub r i ca t ed  bear ing  with a phenol ic  r e t a i n e r .  

b) A sodium s i l i c a t e  bonded MoS2-graphite f i l m  appl ied  t o  the  b a l l s ,  races 

and r e t a i n e r s .  Two sets of bear ings were eva lua ted  wi th  t h i s  f i lm .  One 

set  had phenol ic  r e t a i n e r s  while t h e  o t h e r  had M-10 s teel  r e t a i n e r s .  

c) A burnished MoS f i l m  on the  b a l l s ,  races and r e t a i n e r s .  

d)  
2 

A p r o p r i e t a r y  f i l m  which cons is ted  of depos i t i ng  a t  least  two m e t a l  l a y e r s  
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and coa t ing  t h i s  w i t h  s u l f i d e  f i l m s  f i n i s h e d  o f f  w i t h  an MOS 
f i l m  was appl ied  only  t o  the  b a l l s .  

f i l m .  Th i s  
2 

l e) A p r o p r i e t a r y  minera l  o i l -based  low-vapor p r e s s u r e  o i l .  This o i l  was i m -  

pregnated i n  t h e  phenol ic  r e t a i n e r  and t h e  rest of t h e  bea r ing  components 

were also generously lub r i ca t ed  w i t h  t h e  same o i l .  

A p r o p r i e t a r y  f i l m  formed by running t h e  bea r ing  i n  a mixture  of MoS2 i n  

a l i q u i d ,  u n t i l  a wel l -def ined  f i l m  w a s  formed. The excess  f i l m  w a s  then 

wiped o f f ,  l eav ing  a d r y  f i l m  on t h e  s u r f a c e s .  

f )  
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RESULTS AND DISCUSSIONS 
A .  Rota t ing  T e s t  Resul t s  

1. Dry, Unlubricated Bearings 

These bear ings  were received i n  t h e  unassembled cond i t ion  by MTI. The b a l l s  and 

r aces  were cleaned wi th  acetone and benzene, bu t  nothing w a s  done t o  t h e  phenol ic  

r e t a i n e r s .  

During t h e  i n i t i a l  torque tests i n  a i r ,  to rque  va lues  ranging from .007 t o  .024 

inchibounds were measured wi th  these  dry  bea r ings  under a ten-pound r a d i a l  load .  

A f t e r  applying t h e  s t a t i c  r a d i a l  load of 2100 pounds t o  each bear ing  f o r  15 min- 

u t e s ,  t h e  torque va lues  under the  ten-pound r a d i a l  load were lower and s t e a d i e r ,  

ranging from .004 t o  .008 inch-pounds. 

A vacuum w a s  drawn on the  system and t h e  bear ing  temperatures were allowed t o  

s t a b i l i z e  f o r  s i x  days.  The vacuum l e v e l  a t  t h e  s t a r t  of t h i s  t e s t  w a s  3 x 10 

Torr  and remained roughly the  same throughout t h e  t e s t .  

-8 

The fo l lowing  t a b l e  summarizes t h e  da ta  obta ined  du r ing  t h e  s tar t  of t h i s  tes t :  

- D a t e  Pressure Speed Top Reqr inv  Center Rearing Lcwer Bearing 
Torr  RPM Temp. Torque Temp. Torque Temp. Torque 

F in- lb  0 

1/20/65 3 ~ 1 0 - ~  30 25 .003 avg 24 .016 28 .018 
10 a .m.  .041 peak 

1 p.m. 4x10m8 30 20 .003 avg 20 .028 25 .018 
.033 peak 

1/21/65 4 ~ 1 0 - ~  30 22 .003 avg 22 .033 22 .039 
8.30 a .m.  .065 peak 

9.20 p.m. Bearings locked up. Res t a r t ed  by r eve r s ing  motor 
and r a i s i n g  temperature 

10 a .m.  3 ~ 1 0 - ~  30 35 ,003 avg 35 .033 30 .053 
.057 peak 

~~ ~- ~ ~~ 

1 p.m. 3 ~ 1 0 ~ ~  30 25 .003 avg 25 .033 25 .073 
.016 peak 
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The tes t  then had t o  be shu t  down f o r  s eve ra l  days because of problems wi th  the  

l i q u i d  n i t rogen  supply system. 

Since t h e  bear ings  were s t i l l  i n  opera t ing  cond i t ion ,  i n  s p i t e  of t h e  one f a i l -  

u re ,  another  a t tempt  w a s  made t o  run t h e  1000-hour tes t .  The r e s u l t s  from t h i s  

p o i n t  on are p l o t t e d  as torque  vs. t i m e  curves  i n  F igure  10. 

A f t e r  24 hours  of reasonable  opera t ion  on t h e  t h r e e  test  bea r ings ,  t h e  top  

bear ing  began t o  show ve ry  e r r a t i c  to rque  va lues  aga in .  

t h e  middle and lower tes t  bear ings  showed e r ra t ic  torque  whi le  t h e  top bea r ing  

improved. The tes t  r an  f o r  408 hours before  the  r i g  se ized  up. This  t i m e ,  

t h e  t e s t  could be r e s t a r t e d  by revers ing  the  motor, bu t  t h e  bear ings  se ized  

aga in  a f t e r  a few minutes of running t i m e .  

A f t e r  about 100 hours ,  

These r e s u l t s  bea r  ou t  p a s t  experience on eva lua t ing  d ry  bear ings  i n  o t h e r  

vacuum systems. 

v a l u e s  a t  the  s tar t  of t h e  test ,  and then  hang up i n  a s h o r t  per iod  of t i m e .  I f  

t h e  t e s t  can be r e s t a r t e d ,  by r eve r s ing  r o t a t i o n  o r  j a r r i n g  t h e  f i x t u r e ,  t h e  

bea r ings  w i l l  u sua l ly  run  f o r  extended per iods  of t i m e  although t h e  torque w i l l  

be  ve ry  erratic.  The second t i m e  t h a t  t h e  bear ing  s e i z e s ,  it i s  usua l ly  n o t  

p o s s i b l e  t o  restart t h e  t es t  and keep i t  running. 

General ly ,  t h e s e  bear ings g ive  extremely low and s teady  torque 

It i s  be l ieved  t h a t  t he  reason f o r  t h i s  gradual  d e t e r i o r a t i o n  i s  a s soc ia t ed  wi th  

t h e  c l e a n l i n e s s  of t he  bear ing  sur faces .  Even t h e  most scrupulous c l ean ing  

wi th  so lven t s  w i l l  n o t  remove a l l  of t he  Contaminating f i lms  and, i n  t h i s  tes t ,  

t h e  u s e  of a phenol ic  r e t a i n e r  c e r t a i n l y  r e s u l t e d  i n  ex tens ive  outgass ing  i n  

t h e  bear ing .  I n  o rde r  t o  see a complete f a i l u r e ,  it would be necessary  t o  c l e a n  

a l l  of  t h e  bea r ing  components by some r igorous  procedure such as e l e c t r o l y t i c  

deg reas ing  i n  a t r i sodium phosphate s o l u t i o n  and t o  use  a l l  metall ic components. 

These contaminat ing f i l m s  can he lp  t h e  bear ing  t o  su rv ive  f o r  unusual ly  long 

p e r i o d s  of t i m e  i n  s p i t e  of e r r a t i c  ope ra t ion .  Eventua l ly ,  t he  f i lms  w i l l  be  

d e p l e t e d  enough t o  permit  extensive ba re  m e t a l  c o n t a c t  and t h i s  gene ra l ly  t e r -  

mina tes  ope ra t ion  very  quickly.  

The t e s t  r i g  w a s  disassembled and examined. To t h e  eye,  t he  bear ings  appeared 
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I -  
I t o  be  i n  f a i r l y  good condi t ion  although a f r o s t e d  t r a c k  w a s  v i s i b l e  on t h e  

raceway. However, microscopic examination d i sc losed  many minute welds and 

material t r a n s f e r .  

The photomicrographs w e r e  taken of t h e  inne r  race b a l l  t r a c k .  

t hese  t i n y  welds were t h e  cause of t h e  e r ra t ic  torque  which w a s  measured an 

F igu re11  is  a series of photographs of t h e  test  bear ings .  

Presumably, 
~ 

I t hese  bear ings .  The r e t a i n e r s  appeared t o  be i n  good cond i t ion  a f t e r  t hese  

tests.  

F a i l u r e  i n  these  tests w a s  due t o  welding and material  t r a n s f e r  on a micro- 

scopic  s c a l e .  

2 .  Bearings l u b r i c a t e d  wi th  Sodium Silicate-Bonded MoS -Graphite Film 

These bear ings  w e r e  received i n  the assembled condi t ion .  All bea r ing  com- 

ponents  had been coated wi th  a heavy l u b r i c a n t  f i lm.  When t h e  tes t  was f i r s t  

run i n  a i r ,  cons iderable  d e b r i s  was noted on t h e  sepa ra to r  p l a t e s .  This  w a s  

apparent ly  from wear of t he  lub r i can t  f i lm .  For t h i s  reason,  t h e  bear ings  

w e r e  run-in f o r  two hours ,  then the s e p a r a t o r  p l a t e s  and t h e  exposed areas of 

t h e  bea r ings  w e r e  c leaned ou t  wi th  a hand vacuum c l e a n e r  t.o remove excess  

d e b r i s .  The bear ings  were then run f o r  one more hour.  Since t h e  torque  

va lues  were reasonably s teady ,  and ve ry  l i t t l e  d e b r i s  w a s  s t i l l  coming o u t  of  

t he  bea r ings ,  t h e  2100-pound s t a t i c  r a d i a l  load w a s  appl ied t o  each bear ing.  

The torque  va lues  a f t e r  t h i s  s t e p  were cons iderably  s t e a d i e r .  

drawn on t h e  system. When t h e  bear ings were pumped d o m  i n i t i a l l y ,  the  

vacuum levels were vary ing  between t h e  10 

as t h e  t e s t  w a s  s t a r t e d ,  t h e  pressure  increased  and leve led  out on t h e  10 

scale. The p res su re  remained i n  the 10 

t h e  t es t .  This  i s  be l ieved  t o  be the  r e s u l t  of s u b s t a n t i a l  ou tgass ing  from 

t h e  s i l i c a t e  b inder  coupled wi th  the f a c t  t h a t  cons iderable  loose d e b r i s  was 

s t i l l  being produced by w e a r  of the l u b r i c a n t  f i lm .  S imi l a r  r e s u l t s  were re- 

po r t ed  on t h i s  f i l m  i n  Reference 4 .  There w a s  a l s o  a problem i n  main ta in ing  

temperature  on these  bear ings .  

s t a b i l i z e  a t  temperatures  j u s t  above 0 F. This  seemed t o  be due t o  some 

p e c u l i a r i t y ,  such as t h e  emiss iv i ty  of  t h e  coa t ing  r a t h e r  than t h e  f a u l t  of 

t h e  r e f r i g e r a t i o n  system. The lower temperature  l e v e l s  d i d  no t  appear t o  have 

any e f f e c t  on bear ing  performance. 

2 

A vacuum w a s  

-9 and lo-" scale. However, as soon 
-7  

-7 t o  IOm8 Torr  reg ion  f o r  t h e  rest of 

Most of  t h e  t i m e ,  t he  bear ings  would only 
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Figure  1 2  is a p l o t  of t h e  torque  vs t i m e  t r a c e  or! t h e s e  bear ings .  

48 hours  of running t i m e  i n  vacuum, t h e  top bear ing showed a sudden torque 

inc rease  from about .02 t o  0.1 inch pounds. 

h igh  f o r  t he  rest of t h e  t e s t .  

to rque  va lues  throughout t he  t es t .  

A f t e r  about 

The torque  on t h i s  bear ing  remained 

The o t h e r  two test bea r ings  gave low and s teady  

The bear ings  were s t i l l  running e f f e c t i v e l y  a f t e r  1000 hours ,  so t h e  tes t  w a s  

cont inued a t  the  r eques t  of t he  NASA p r o j e c t  engineer .  

t h e r e  was s t i l l  no i n d i c a t i o n  of any s i g n i f i c a n t  torque changes.  

then  increased from 30 rpm t o  100 rpm. A f t e r  about 72 hours  a t  100 rpm, t h e  

t e s t  r i g  became very  noisy  b u t  n e i t h e r  t he  torque  t r a c e s  nor  the  speed pickup 

showed any s i g n i f i c a n t  changes. A t  t h e  end of 188 hours  of running a t  100 rpm 

t h e  r i g  appeared t o  be locking  up p e r i o d i c a l l y .  The tes t  w a s  continued f o r  a 

whi le  longer  bu t  no improvement w a s  observed. 

A t  t h e  end of 1782 hours ,  

The speed w a s  

The test  w a s  then  s h u t  down and the chamber was opened. It w a s  found t h a t  t h e  

i n s i d e  d r i v e  magnet had worked loose and w a s  p e r i o d i c a l l y  s l i p p i n g  on t h e  s h a f t .  

A l l  of  t h e  bear ings  were s t i l l  f r e e ,  even under load ,  and r o t a t e d  e a s i l y .  These 

bea r ings  apparent ly  could have run e f f e c t i v e l y  f o r  a much longer  per iod of t i m e .  

Considerable  d e b r i s  from t h e  lub r i can t  f i l m  w a s  found on t h e  sepa ra to r  p l a t e s .  

F igure  13 shows some t y p i c a l  photographs of t he  b a l l  and race su r faces .  The 

top bea r ing  had a ve ry  t h i n  coa t ing  bu t  i t  w a s  s t i l l  i n t a c t .  The o t h e r  bear ings  

s t i l l  had cons iderable  l u b r i c a n t  f i lm  on t h e  con tac t ing  areas. 

N o  f a i l u r e s  were obtained i n  t h i s  test. 

2- 3 .  Bearings With Tool S t e e l  Reta iners  Lubricated by Silicate-Bonded MoS 
Graphi te  Film - 

An a t tempt  w a s  a l s o  made t o  run t e s t  bear ings  w i t h  M - I O  t o o l  s t ee l  r e t a i n e r s  

u s ing  t h e  s i l i ca te -bonded MoS -graphi te  f i lm.  These bear ings  were i n  t h e  

assembled cond i t ion  when they were rece ived .  The bear ings  were set up i n  the  

t e s t  f i x t u r e  and run-in f o r  an hour t o  remove any excess  l u b r i c a n t  f i lm .  A t  

t h e  end of t h i s  run-in,  t h e  torque had increased  s u b s t a n t i a l l y .  The bear ings  

were disassembled and examined. It w a s  found t h a t  t h e  b a l l s  were con tac t ing  

t h e  bottom of t h e  r e t a i n e r  pocket r a t h e r  than t h e  s i d e .  This  would i n d i c a t e  

2 
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t h a t  t he  r e t a i n e r  w a s  n o t  proper ly  dimensioned. 

t hese  bear ings .  A photograph of one of t he  disassembled bear ings  is  shown i n  

F igure  14. 

Nothing f u r t h e r  w a s  done wi th  

4. Burnished MoS Films on B a l l s ,  Races and Reta iner  

These bear ings  were received by MTI i n  t h e  assembled cond i t ion .  

torque w a s  noted when t h e  bear ings  were being assembled i n  the  test r i g .  

t h i s  reason, t he  bear ings  were "run-in" i n  a i r  f o r  one hour t o  be s u r e  t h a t  

they would be f r e e  enough t o  run i n  t h e  vacuum tests. 

torque  va lues  w e r e  high but  t h e r e  w a s  a drop i n  t h e  average va lues .  Consider- 

a b l e  d e b r i s  from t h e  l u b r i c a n t  f i lm  w a s  observed on t h e  sepa ra to r  p l a t e s  a f t e r  

t h i s  run-in.  

app l i ed ,  t he  peak torque levels were lower. 

2 

Very high 

For 

Even then,  t h e  peak 

A f t e r  t he  s t a t i c  load tes t  of 2100 pounds pe r  bear ing  w a s  

I n  t h e  i n i t i a l  s t a g e s  of t he  1000-hour tes t ,  very  high peaks i n  torque were 

measured on t h e  numbers 2 and 3 bearings,  bu t  subsequent running r e s u l t e d  i n  

cons ide rab le  improvement. These da t a  are shown i n  F igure  15. A f t e r  about 

200 hours ,  a l l  t h r e e  bear ings  were reasonably c o n s i s t e n t ,  g iv ing  torque  va lues  
range of t- -24 ii;ch pol;i;ds, l I L L , S I  -LA.-+ A 9 n  h n - v r o  t h e  ni -mharc PYVUL. "LY L A " U L Y >  C1.b .I U Y I Y b L Y  1 

and 2 bear ings  showed a d e f i n i t e  increase  i n  torque l e v e l .  

number 3 bear ing  showed a s m a l l ,  b u t  d e f i n i t e ,  i nc rease  i n  torque.  This  t e s t  

w a s  stopped a f t e r  7 7 1  hours  s i n c e  t h e r e  w a s  no i n d i c a t i o n  t h a t  t h e  torque would 

dec rease  again.  

I X I O - ~  Torr .  

A f t e r  730 hours ,  t he  

-8 The vacuum l e v e l s  du r ing  t h i s  t e s t  ranged from 7x10 t o  

When the  test  r i g  w a s  removed from t h e  chamber, cons iderable  loose ,  b lack  

d e b r i s  w a s  observed on the  separa tor  p l a t e s  below each of t he  bear ings .  

photograph of two of t h e  separa tor  p l a t e s  i s  shown i n  Figure 16. 

appeared t o  be predominantly MoS2. 

A 

This  d e b r i s  

The bea r ings  were very  s t i f f  b u t ,  a f t e r  t he  r a d i a l  load w a s  r e l eased  and some 

of t h e  loose  d e b r i s  w a s  shaken out ,  t h e  bear ings  became f r e e  again.  Examin- 

a t i o n  of t he  bear ings  showed t h a t  t h e  two support  bear ipgs  ( these  are l i g h t l y  

th rus t - loaded)  were pol i shed  and smooth. The b a l l s  i n  the  b e s t  bear ings  were 

g e n e r a l l y  d u l l  except  f o r  a few which s t i l l  had a pol i shed  appearance.  

e n t l y  these  w e r e  e i t h e r  no t  coated as heav i ly  or  were s l i g h t l y  undersized.  

Appar- 
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- Photoaicrographs of t y p i c a l  contac t  su r f aces  are shown i n  Figure 17. F a i l u r e  

i n  t h e s e  tests w a s  apparent ly  due t o  an excess ive  amount of loose  d e b r i s  which 

tended t o  jam t h e  bear ings .  

5. Evaporated Metal Films With O u t e r  Layer of MoS2 
~ 

These bear ings  were rece ived  i n  a disassembled cond i t ion .  

coated with t h e  s o l i d  l u b r i c a n t  f i lm bu t  no coa t ing  w a s  apparent  on t h e  races 

o r  r e t a i n e r .  

The b a l l s  were 

Low and s teady  torque va lues  were measured i n  a i r  be fo re  and a f t e r  applying t h e  

2100-pound s t a t i c  r a d i a l  load.  The f i r s t  a t tempt  t o  run these  bear ings  i n  

t h e  vacuum chamber w a s  a f a i l u r e  because the  i n s i d e  magnet w a s  rubbing on t h e  

top  p l a t e .  This  w a s  remedied and the  tes t  w a s  r e s t a r t e d .  

I n i t i a l l y ,  a l l  t h e  torque values were very  low and s teady ,  about  .01 inch 

pounds. These d a t a  are p l o t t e d  i n  Figure 18. A f t e r  24 hours ,  t h e  top  bea r ing  

gave h igh  torque readings  bu t  t hese  decreased a f t e r  about 90 hours .  A f t e r  400 

hours ,  t h e  torque  r o s e  gradual ly ,  reaclfed . 2  inch pounds a f t e r  550 hours ,  and 

remained h igh  f o r  t h e  rest OS Khe test. 

The number 2 bear ing  gave very low and s teady torque  va lues  f o r  720 hours ,  then  

increased  from .01 t o  .09 inch pounds and remained a t  t h i s  l e v e l  f o r  t h e  rest 

of t h e  test .  

The number 3 bear ing  s t a r t e d  very  low and s teady ,  became s l i g h t l y  e r ra t ic  and 

gave h ighe r  torque a f t e r  48 hours  of running, bu t  dropped back t o  low torque 

a f t e r  100 hours  and remained low and s teady  f o r  720 hours .  A f t e r  720 hours ,  

i s o l a t e d  peaks w e r e  observed on t h e  torque trace a t  random i n t e r v a l s .  These 

peaks seemed t o  i n d i c a t e  an occas iona l  "grabbing" a c t i o n  of t he  bear ing .  This  

w a s  n o t  c o n s i s t e n t  and w a s  no worse a f t e r  930 hours .  The ex ten t  of t h e  torque 

i n c r e a s e ,  which w a s  measured when t h i s  uns t ab le  behavior  w a s  ncjted, i s  shown i n '  

F igure  18 as a do t t ed  l i n e  with an arrow po in t ing  t o  the  peak va lue .  

The test  w a s  concluded a t  t h i s  po in t  s i n c e  t h e r e  w a s  no i n d i c a t i o n  t.hat t h e  

performance of t h e  top and middle bear ings  would improve wi th  f u r t h e r  
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running. The vacuum l e v e l s  du r ing  t h i s  test  were gene ra l ly  i n  t h e  loo9  t o  

Torr  range. 

When t h e  test r i g  w a s  disassembled, some d e b r i s  w a s  observed on the  s e p a r a t o r  

p l a t e s .  Under t h e  microscope, these appeared t o  be  s o f t ,  d u l l ,  b l ack  p a r t i c l e s .  

The s h a f t  turned roughly under load bu t  w a s  f r e e  as soon as t h e  load w a s  

removed. 

F igu re  19 shows photographs of t y p i c a l  c o n t a c t  s u r f a c e s  on the b a l l s  and races. 

The b a l l s  had a s i l v e r y  appearance i n d i c a t i n g  t h a t  t h e  evaporated m e t a l  f i l m s  

had no t  worn down t o  t h e  base s t e e l  su r f aces .  Some of t h e  f i l m  from t h e  b a l l s  

had t r a n s f e r r e d  t o  the s teel  races. 

The torque  f a i l u r e s  on t h e s e  bearings were due t o  t h e  formation of loose  d e b r i s  

which tended t o  j a m  t h e  races. 

6.  S p e c i a l  High Vacuum O i l  

These bear ings  were rece ived  i n  the assembled cond i t ion .  The phenol ic  r e t a i n -  

ers had been i m p r e g a t e d  wi th  o i l  and a p l e n t i f u l  supply of o i l  was a l s o  v i s i -  

b l e  on t h e  b a l l s  and r aces .  No attempt w a s  made t o  w i p e  o f f  t h e  excess .  Low, 

s t eady  torque  va lues  were measured i n  a i r  b e f o r e  and a f t e r  t h e  s t a t i c  2100- 

pound r a d i a l  load had been appl ied  t o  each bea r ing .  

-6 During t h e  i n i t i a l  pumpdown on these  bea r ings ,  t h e  vacuum held  on t h e  10 Torr  

range  f o r  about three days, then suddenly dropped i n t o  t h e  10 t o  middle 

l o m 9  Torr f o r  t h e  rest of t h e  t e s t .  

t o  ou tgass ing  of t h e  o i l .  

-8 

This three-day p l a t e a u  w a s  apparent ly  due 

Although t h e  i n i t i a l  torque va lues  i n  vacuum were low:, t h e s e  va lues  were less  

s t e a d y  than t h e  v a l u e s  i n  a i r ,  probably because of ap, inc rease  i n  t h e  v i s c o s i t y  

of the  o i l  a t  lower temperatures.  The lower bea r ing  showed moderately h igh  

to rque  va lues  throughout t h e  1000-hour t e s t  wh i l e  t h e  top  and middle test  bear- 

i n g s  gave comparatively low and steady torque  va lues .  These d a r a  are shown i n  

F igu re  20. 
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A t  t h e  end of 1000 hours ,  a l l  of the t e s t  b e a r i s g s  appeared t o  be i n  good oper- 

a t i n g  condi t ion ,  s o  t h i s  t e s t  was continued. A t  t he  end of 1440 hours ,  bear ings  

1 and 2 showed a sudden torque increase .  For ty-e ight  hours  l a t e r ,  bear ing  3 

a l s o  showed a sharp inc rease  i n  torque.  This  i s  show- on t h e  torque-time trace 

i n  F igure  20. 

This  w a s  an unexpected development. 

torque f a i l u r e s  were a l l  apparent ly  due t o  the  genera t ion  of loose  d e b r i s  which 

tended t o  j a m  t h e  bear ing.  I n  no o ther  case  d id  a l l  t h r e e  of the  t es t  bear ings  

f a i l  w i t h i n  such a s h o r t  per iod  of t i m e .  There appeared t o  be two reasonable  

explana t ions  f o r  t hese  torque f a i l u r e s :  

I n  the  case of t h e  s o l i d - l u b r i c a t e d  bear ings ,  

1. Some c o n s t i t u e n t  ( o r  most of t h e  o i l )  had evaporated away 

wi th  t i m e .  This  seemed most p l a u s i b l e .  

2 .  Debris  w a s  generated i n  the t o p  bear ing  agd t h i s  dropped 

down i n t o  t h e  o t h e r  bear ings thus  causing an inc rease  i n  

torque.  This  seemed very un l ike ly  s i n c e  t h e  bear ings  were 

p ro tec t ed  from each o t h e r  by an o p t i c a l l y  t i g h t  series of 

c q q e n i c g l l y - c c o l e d  h=fflp-_a; 

To e v a l u a t e  t h e  cause of f a i l u r e ,  t h e  bear ings  were f i r s t  allowed t o  warm up t o  

room temperature .  This  w a s  done by c u t t i n g  o f f  t he  l i q u i d  n i t r o g e n  supply and 

t h e  Freon r e f r i g e r a t i o n  system. Unfortunately,  t h i s  also r e l eased  a l l  of t he  

o rgan ic  material  which had been condensed on t h e  LN -cooled b a f f l e  p l a t e s  so 

t h a t  cons ide rab le  vacuum was l o s t  and some bear ing  contamination probably took 

p l a c e  a t  t h e  same t i m e .  

a l though i t  w a s  s t i l l  h igh ,  p a r t i c u l a r l y  f o r  bear ings  1 and 2 .  Then the  system 

w a s  brought  up t o  ambient p re s su re  by b leeding  rri trogen i n t o  t h e  chamber. The 

torque  levels dropped r ap id ly  while t h i s  w a s  being done. F i n a l l y ,  the  system 

w a s  opened t o  a i r .  

2 

The torque d i d  decrease  on a l l  t h r e e  t e s t  bear ings ,  

In Figure  21, t h e  torque t r a c e s  f o r  t h e  l a t t e r  p o r t i o n  of t h i s  tes t  are p l o t t e d  

on an expanded scale t o  show the bear ing performance dur ing  t h i s  t i m e .  

These r e s u l t s  i nd ica t ed  t h a t  f a i l u r e  w a s  no t  t h e  r e s u l t  of d e b r i s  i n  the  bear ings 

s i n c e  t h e  torque  dropped when a i r  was admit ted.  
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Without removing t h e  tes t  r i g  from the chamber, a vacuum w a s  drawn on t h e  system 

again t o  see i f  t h i s  h igh  torque behavior w a s  reproducib le .  The tes t  w a s  run 

f o r  1072 more hours  a t  30 rpm. 

up t o  t h i s  po in t .  Then t h e  speed was increased  t o  60 rpm. A f t e r  168 more hours  

of running, a l l  t h r e e  tes t  bear ings  showed a sudden and s u b s t a n t i a l  i nc rease  i n  

torque.  

N o  s i g n i f i c a n t  changes i n  torque were observed 

The torque vs t i m e  p l o t  f o r  t h i s  second t e s t  i s  shown i n  Figure 22, 

When t h e  bear ings  were removed from t h e  test f i x t u r e ,  a cons iderable  amount of 

o i l  was s t i l l  v i s i b l e  on the  bear ing components. This  showed t h a t  f a i l u r e  w a s  

d e f i n i t e l y  no t  due t o  a loss of o i l .  

Photographs of  some of  t h e  con tac t  su r f aces  are shown i n  Figure 23. 

damage w a s  v i s i b l e  on the  raceways i n  the  form of narrow but  t o r n  tracks. The 

support  bear ings  had a much wider  t r ack  wi th  a s a t i n  f i n i s h .  Very l i t t l e  dam- 

age w a s  observed on t h e  b a l l s  and the r e t a i n e r s  appeared t o  be i n  good con- 

d i t i o n  both on t h e  guid ing  lands and i n  t h e  b a l l  pockets .  

D e f i n i t e  

A t  t h e  p re sen t  t i m e ,  on ly  hypotheses can be advanced t o r  these torque f a i l u r e s .  

Many f n v e s t i g a t o r s  have p red ic t ed  that convent ional  l u b r i c a n t s  might no t  func t ion  

s a t i s f a c t o r i l y  f o r  long per iods  of: t i m e  i n  vacuum. A v a r i e t y  of reasons have 

been advanced t o  support  t h i s  p red ic t ion .  However. t o  t h e  b e s t  of our  know- 

ledge  

on r o l l i n g  c o n t a c t  bear ings  under t h i s  condi t ion .  

t h i s  is  t h e  f i r s t  t i m e  t ha t  a d e t i n i t e  to rque  i a i l u r e  has been observed 

I n  Reference 4 

tes t  which w a s  run i n  an ion-pumped system. The au thors  repor ted  ex tens ive  

l u b r i c a n t  degrada t ion  which l e f t  patches of polymerized o i l  on t h e  b a l l s  and 

races. 

o i l .  

o f  l u b r i c a n t  i n  t h e  bear ings  a f t e r  t h e  run and no evidence of decomposition w a s  

observed.  

d i o c t y l  p h t h a l l a t e  w a s  used as the  l u b r i c a n t  i n  a b a l l  bear ing  

They hypothesized t h a t  t h e  ion  pump might have caused cracking  of t h e  

This  d i d  no t  appear  t o  be the case  i n  t h e s e  tes:s s i n c e  t h e r e  w a s  p l e n t y  

The most l o g i c a l  explana t ion  appears t o  be a l a c k  of water vapor o r  oxygen. 

Knowing t h e  a f f i n i t y  of o i l s ,  and of materials such as t h e  laminated phenol ics ,  

f o r  w a t e r  vapor and oxygen, i t  i s  not  too  s u r p r i s i n g  t h a t  more than 1000 hours  
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I -  of running t i m e  i n  vacuum could be  accumulated before  a l l  traces of t hese  impur- 

i t i e s  were removed. The importance of water vapor  and oxygen i n  t h e  l u b r i c a t i o n  

process  i s  a wel l -es tab l i shed  f a c t .  For example, T ingle  (Ref. 5:) has shown t h a t  

f r e s h l y  c u t  metal su r faces  cannot  be l u b r i c a t e d  by convent ional  a d d i t i v e s  i f  a i r  

o r  water vapor i s  excluded. Godfrey (Ref. 6)  pointed out  t h e  importance of 

oxide f i lms  i n  the  l u b r i c a t i o n  process .  I n  another  paper (Ref. 7 )  i t  w a s  noted 

t h a t  t h e  load ca r ry ing  capac i ty  of o i l s  w a s  decreased more than 50 pe rcen t  i n  

vacuum. 

7 .  Bearings Lubricated By Run-In In a Suspensiop o f  MoS, i n  l i q u i d  (Wiped Dry) 

These bear ings  were received i n  the  assembled cond i t ion .  During the  pre l iminary  

torque  check i n  a i r ,  the  c e n t e r  tes t  bear ing  gave high peak torque va lues  bu t ,  

a f t e r  running-in the  bear ings  f o r  ten minutes,  a l l  t h r e e  bear ings  showed satis- 

f a c t o r y  readings.  A f t e r  the  s t a t i c  load tes t :  t he  lower bear ing  w a s  found t o  

be jammed. The bear ing  w a s  worked loose  by hand. It then appeared t o  be f r e e  

and i n  good cond i t ion .  No explana t ion  has  been found f o r  t h i s  behavior .  

-7 The vacuum level a t  t h e  beginning of t h e  1000-hour l i f e  t e s t  w a s  on the  low 10 
La'ige. For most Ui ciie test, the pressure wz18 about 5 ~ =--- 

L U L L .  

Figure  24 shows t h e  torque vs  t i m e  curves  f o r  t hese  bear ings .  The c e n t e r  bear-  

i ng  gave somewhat e r r a t i c  torque values  f o r  about 344 hours ,  then showed a sharp 

i n c r e a s e  i n  torque  from .03 t o  .32  inch  pounds and remained h igh  f o r  t h e  rest of 

t h e  t i m e .  The lower bear ing  showed a sudden torque inc rease  a f t e r  about 108 hours ,  

bu t  dropped back t o  a low s teady  va lue  a f t e r  running overn ight .  

had been accumulated, t h e  torque on t h i s  lower bear ing  suddenly increased  from 

.03 t o  .12 inch pounds and w a s  s t i l l  inc reas ing  when t h e  t e s t  w a s  concluded a t  

t h e  end of  948 hours .  The top  bear ing  gave e x c e l l e n t  r e s u l t s  f o r  t h e  f i r s t  700 

hours ,  then  became more e r r a t i c  although t h e  torque w a s  s t i l l  low wheE t h e  tes t  

w a s  concluded. 

A f t e r  936 hours  

Some d a r k  d e b r i s ,  apparent ly  from the  l u b r i c a n t  f i lm ,  w a s  observed on the  sep- 

a r a t o r  p l a t e s  a f t e r  t h e  t e s t .  Photographs of t he  con tac t ing  su r faces  on t h e s e  

bea r ings  are shown as Figure 25, 
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The cause of t he  torque f a i l u r e s  on two of t h e s e  bea r ings  w a s  loose  d e b r i s  

which tended t o  j a m  t h e  bear ings .  

B. O s c i l l a t i o n  T e s t  Resu l t s  

To ob ta in  o s c i l l a t i n g  motion i n  the  bear ing  t e s t  r i g l  a c a n t i l e v e r e d ,  f l e x i b l e ,  

s t a i n l e s s  steel beam w a s  a t tached  to t h e  mounting s t r u c t u r e  and t o  the  lower 

end of t h e  t es t  s h a f t .  

t h e  s h a f t  t r i e d  t o  r o t a t e  i n  one d i r e c t i o n  against .  t h e  r e s t r a i n i n g  beam. When 

t h e  f o r c e  on the  beam reached a c e r t a i n  va lue ,  t h e  magnets s l ipped  out of phase 

and the  beam recovered, thus  r o t a t i n g  t h e  s h a f t  i n  t h e  oppos i te  d i r e c t i o n .  This  

motion w a s  reproduced fou r  t i m e s  per r evo lu t ion  because of t he  fou r  l i k e  and 

f o u r  un l ike  po le s  on each magnet. The a c t u a l  a r c  of o s c i l l a t i o n  was measured 

wi th  a d i a l  i n d i c a t o r  be fo re  t h e  t e s t  w a s  s t . a r ted .  

When the  d r ive  and d r i v e n  magnets were a l igned  i n  phase,  

I n  both of t hese  o s c i l l a t i o n  tests,  t h e  cond i t ions  were as fol lows:  

a) Load - 10 pounds r ad ia l  on each bear ing  

b) Frequency - As s p e c i f i e d  (two frequencies , ,  2 cps  and 14.3 

cps  were usedj  

c) Amplitude - One degree,  s i n g l e  amplitude 

d )  Test Temperature - -25 F 

Two s o l i d  l u b r i c a n t  coa t ings  were evaluated i n  these  tests. One was t h e  

bea r ings  lub r i ca t ed  by run-in i n  a suspension of MoS2 i n  l i q u i d  (wiped d r y )  

and t h e  o t h e r  was t h e  sodium s i l i c a t e  bonded MoS2-graph:te f i lm .  

are descr ibed  i n  t h e  fol lowing paragraphs.  

The r e s u l t s  

1. Bearings Lubricated by Run-In i n  a Suspension of MoS i n  Liquid (Wiped Dry) 

Previous  tests had ind ica t ed  t h a t  most of t hese  s o l i d  f i l m  l u b r i c a t e d  bear ings  

r equ i r ed  some run-in t i m e  t o  g e t  r i d  of  excess  f i l m  and Zebr i s .  Therefore ,  

t h e s e  bear ings  w e r e  run f o r  t h r e e  hours i n  r o t a t i o n  a t  30 rpm under a ten-pound 

r a d i a l  load.  The r e s u l t s  were as fol lows:  

2 
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TORQUE- INCH POUNDS 

- T i m e  Number 1 Number 2 Number 3 

S t a r t  .065 .016 .01 
1 Hour .08 .02 .01 
2 Hours .095 .028 .01 
3 Hours .125 .028 .01 

Since  t h e  torque  on t h e  number 1 t e s t  bear ing  was g e t t i n g  worse wi th  t i m e ,  one 

of t h e  support  bear ings  w a s  exchanged f o r  t h e  number 1 tes t  bear ing .  

A f t e r  reassembling t h e  t e s t  r i g ,  t h e  three-hour r o t . a t i o i a 1  run- in  i n  a i r  w a s  

repea ted  wi th  t h e  fol lowing r e s u l t s :  

TORQUE-INCH POUNDS 

- T i m e  Number 1 Number 2 

S t a r t  .032 .01 
3 Hours .03 .01 

Number 3 

.01 

.01 
Then t h e  test w a s  converted t o  an o s c i l l a t i n g  motion of two cyc le s  per  second. 

The i n i t i a l  readings i n  a i r  under a ten-pound r a d i a l  load were: 

Number 1 Number 2 Number 3 

.032 .024 .012 

A f t e r  applying t h e  2100-pound s t a t i c  load t o  each bear ing ,  t h e  o s c i l l a t i n g  

torque  va lues  i n  a i r  under a ten-pound r a d i a l  load were: 

Number 1 Number 2 Number 3 

.016 ,032 .012 

A f t e r  drawing a vacuum on the  system, and cooi ing  t h e  bear ings  t o  -25 F, t h e  

torque  va lues  were: 

- Time Number 1 Number 2 Number 3 

S t a r t  .01 .012 .024 
8 Hours .01 s 019 .012 
24 Hours .01 .012 .012 

-9 
The vacuum level dur ing  t h i s  t e s t  var ied  i n  the  range 10 

A f t e r  204 hours ,  t he  number 1 bearing torque jumped f r o m  -01 t o  .16 inch pounds 

b u t  t hen  dropped back t o  .01 again.  Af t e r  432 hours ,  t h e  torque again increased  

t o  .031 inch pounds on t h i s  same bear ing,  t he3  g radua l ly  dropped back t o  .01. . 

t o  lo-'' Torr. 
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These occas iona l  high torque va lues  were probably the  r e s u l t  of minute amounts 

of loose  d e b r i s  from the  l u b r i c a n t  f i l m .  

observed wi th  t h e  o t h e r  two bear ings dur ing  the  f i r s t  1032 hours  of t h e  t e s t .  

These torque d a t a  are shown i n  Figure 26, 

No s i g r i f i c a n t  to rque  changes were 

6 A t  t he  end of  1032 hours ,  about 7.43 x 10 

bear ings .  

second and t h e  t e s t  w a s  continued at t h i s  h ighe r  frequency f o r  972 more hours .  

c y c l e s  had been accumulated on these  

The frequency of o s c i l l a t i o n  w a s  then  increased  t o  14 .3  cyc le s  p e r  

A s  shown i n  Figure 2 6 ,  t he  top bear iog Continued t o  g ive  low and s teady  torque 

va lues  bu t  t h e  o t h e r  two tes t  bear ings,  e s p e c i a l l y  t h e  lower bea r ing ,  showed 

marginal  performance. The e r r a t i c  torque va lues  a ~ e  bel ieved  t o  be t h e  r e s u l t  

of loose  d e b r i s  i n  t h e  con tac t  a reas .  The tes t  w a s  suspended a t  t h i s  p o i n t .  

A t o t a l  of 57.47 x 10 

and a t  14.3 cps.  

6 
cyc le s  had been accumulated on these  bear ings  a t  2 cps  

When t h e  test r i g  w a s  disassembled, a s m a l l  amount of: loose  d e b r i s  from t h e  

bea r ings  was observed on the  separa tor  p l a t e s .  

wear ef the It_lf?ricnnt_ f i l m .  Photographs of t h e  arras where t h e  b a l l  w a s  o s c i l -  

l a t i n g  i n  c o n t a c t  wi th  t h e  r ace  a r e  shown i n  F igure  2 7 .  

This  was apparent ly  caused by 

2. 

An a t tempt  w a s  a l s o  made t o  run-in these  bear ings  for t h r e e  hours  i n  r o t a t i o n  

i n  a i r  b u t ,  a t  t h e  end of t h i s  per iod,  t h e  torque va lues  were s t i l l  very  h igh .  

These were: 

Sodium S i l i c a t e  Bonded MoS -Graphite Fi lm 2 

TORQUE- INCH POUNDS 

- T i m e  Number 1 Number 2 

S t a r t  .023 05 
3 Hours .032 .12 

S ince  a much longer  run-in per iod  was requi red ,  

Number 3 

.032 

.16 

the  run-.in, i n  r o t a t i o n ,  w a s  

cont inued overn ight .  The readings a t  t h e  end of t h i s  t i m s  were: 

Number 1 Number 2 Number 3 

.032 .028 .032 

The t e s t  w a s  then converted t o  o s c i l l a t i n g  motion. In o s c i l l a t i o n ,  t h e  readings  

were : 
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Number 1 Number 2 Number 3 

.016 .03 .08 

A f t e r  t h e  2100-pound s t a t i c  load on each bear ing ,  t h e  readings  i n  o s c i l l a t i o n  

i n  a i r  were: 

Number 1 Number 2 ??umber 3 

.01 ,012 .015 

Under vacuum at  -23 F,  t h e  readings  i n  o s c i l l a t i o n  were: 

Number 1 Number 2 Number 3 

.01 .018 .032 

These bear ings  were run i n  o s c i l l a t i o n  f o r  336 hours  a t  a frequency of two 

c y c l e s  p e r  second. The t e s t  had t o  be shdt  down a t  t h a t  p o i n t  because of 

a c c i d e n t a l  damage t o  the  vacuum system. Up t o  t h a t  t i m e ,  reasonably low and 

s teady  torque va lues  had been observed. c y c l e s  had 

been accumulated i n  t h i s  run. 

6 Approximately 2.42 x 10 

These torque  d a t a  are p l o t t e d  i n  Figure 28. 

The test  r i g  w a s  then  moved t o  another vacuum system, without  d i s t u r b i n g  t h e  

bea r ings ,  and the  test w a s  r e s t a r t e d .  Bearings 1 and 2 w e r s  unchanged, bu t  

bearing 3 shcved slightly lcvcr tnrqne a f t e r  t h i s  change, The data are shown 

i n  F igure  28 as a p l o t  of torque vs t i m e .  

-8 I n  gene ra l ,  t h e  vacuum l e v e l s  he ld  on the  10 

o s c i l l a t i n g  test .  Apparent ly ,  t he  outgass ing  of the  s i l i c a t e  f i l m  was not  as 

much of a problem when t h e  bear ing  w a s  o s c i l l . a t i n g  around one po in t  as it w a s  

when t h e  motion w a s  complete r o t a t i o n .  

t o  lo-’ Torr  ranges dur ing  t h i s  

The tes t  w a s  run a t  a frequency of two cyc le s  pe r  seeofid f o r  ,516 hours  which 

r e p r e s e n t s  3.72 x 10 c y c l e s  of o s c i l l a t i o n .  Then the frequency w a s  increased  

t o  14.3 cyc le s  p e r  second and t h e  t es t  was continued for 504 more hours a t  t h i s  

h i g h e r  frequency. This  amounted t o  25.95 x 10 cyc le s .  A f a i l u r e  i n  the  

l i q u i d  n i t rogen  supply took p l ace  a t  t h i s  po in t  and t.he t e s t  was concluded. 

6 

6 

6 These bear ings  had run f o r  a grand t o t a l  of 32.09 x 10 

f i r s t  p a r t  of t h e  tes t )  wi th  very  low and s teady  torque  va lues .  

cyc le s  ( inc luding  t h e  
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Some debris was observed on the separator p lates  when these bearings were 

removed from the test r i g .  Figure 29 shows the cont.act areas on the b a l l s  and 

raceways. 
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TABLE I. APPEARANCE OF BEARINGS AFTER TEST 

1. Dry Clean Bearings. Rotat ing Test. 

General Remarks: 
l ub r i can t  was used. 

These bear ings were cleaned i n  a lcohol  and benzene and were assembled by UTI. No 

Support Bearings 

-11s hawe a shiny bu t  mottled 
appearance. Inner  race has 
abrasion acratches i n  t r a c k  
which go in d i r e c t i o n  of rota-  
t i on .  Outer race has  d e f i n i t e  
"pullouts" in t h ree  placea on 
t he  t rack.  

TOP Bearing Center Bearing Lover Bearing 

Bal ls  appear t o  be f a i r l y  
w e l l  poliohed. Races have be p i t t e d  under the  micro- 

Balls appear to be f a i r l y  Ba l l s  are d u l l  m d  appear t o  
w e l l  polished but have a 
mottled appearance. Inner  f ine ,  f ros t ed  t rack.  Under scope. Inner  md o u t e r  races 
Pace-under the microscope the  microscope, n m r o u s  have f a i r l y  rrmwth track, 
t he  t r ack  is rough md 
shown metal t r a w f e r .  t r a n s f e r  was observed. 
Outer Race-Similar appsar- 
ance. 

t i n y  welds and metal t o  the eye. 

2 .  Bearing. Lubricated with Silicate-Bonded HoS2-Graphite Film, Rotat ing Test. 

General d r k a :  
i n  the  assembled condi t ion.  

meae bearings had a coating on the  b a l l s ,  r u e a  and r e t a i n e r s .  They were received 

Supvort Bearings T m  Beiriqa Center Bearing h e r  Bearfng 

Coating i n t a c t  md io good Coating i n t a c t  but  no t i -  Coating i n t a c t  and i n  good Same .a cen te r  bearing. 
condi t ion.  ceably thinner  t h ~  o the r  cond i t ion  on a11 components. 

3. 

bearing8 . 
Bearings with M-10 S t e e l  Retainers  Lubricated by Silicate-Bonded MoS2-Graphite F i l m ,  Rotating Teat 

General Remarks: 
b a l l s  and the  r e t a i n e r s .  

Bearings Lubricated with Burnished MSz Film, Rotat ing Test. 

General Remarks: Coating was o r i g i n a l l y  applied t o  b a l l ,  race and r e t a i n e r  surfaces .  A heavy coat ing was 
observed on a l l  surfaces .  These bear ings were received i n  the assembled condition. 

Theoe bearing8 could not  be run-in. There appeara t o  be a poor contact  between the  

4. 

Support Bearinns TOD Bearing Center Bearing Lower Bearing 

Balls were general ly  smooth Ba l l s  were du l l  and mottled. Balls were d u l l  and Bal ls  were d u l l  and mottled 
and pol ished with a few Inner  Race-Ball t r a c k  ind i -  mott led.  Inner  Race-Track except f o r  t h ree  which were 
d u l l  spoto. Inner  Race-Ball ca re s  t h a t  ba l l  motion w a s  d u l l  and wide. Outer st i l l  pol ished.  These b a l l s  
t r ack  d u l l  and unusually not  ateady but occasional ly  Race - Similar .  w e r e  probably s l i g h t l y  
wide. Outer Race-Similar. Jumped o f f  track. Outer undersize. The races were 

Race-Track dul l  and wide. s imi l a r  t o  Center Bearing. 
This bear ing w a s  s t i l l  
e f f e c t i v e  but t he  torque 
was r i s ing .  

5 .  Evaporated Metal Films With Top Layer of MoS,, Rotat ing Test .  

General Remarks: Only the  b a l l s  were coated i n  t h i s  bearing. The bear ings were assembled a t  UTI. 

SuDport B e a r i n e  Top Bearing 

aallc chnwerl l i z h f  s w i r l  par- Ralls have very small 
t e rns  but some of the  coat ing is lands of coating l e f t .  
was i n t a c t .  Inner Race-Smooth Inner  Race-Smooth and 
t rack,  appears t o  have t rans-  pol ished.  Ball t r ack  
f e r r ed  lub r i can t .  widens a t  one point .  

Outer Race-Similar i n  
appearance. 

Center Bearing 

Ba l l s  have a d e f i n i t e  sil- 
very color .  A few have an 
NOS coat ing on one a rea  
of $he b a l l  surface.  Inner 
Race-Smooth and polished 
t r ack .  Outer Race-Similar 
but  loose,  dark deb r i s  on 
edges of t r ack .  

Lower Bearing 

Bal l  surfaces  have shiny, 
s i l ve ry  co lo r  with speckled 
coat ing.  Inner Race-Track 
polished but  loose,  dark 
deb r i s  on edges of t r ack .  
Outer Race-Track smooth and 
polished. This bearing was 
s t i l l  operat ing e f f e c t i v e l y  
except f o r  small torque 
peaks. 

6 .  Bearings Lubricated With High Vacum O i l ,  Rotating Test .  

General Remarks: Retainers  were vacuum impregnated with oil. Balls  and races  a l so  had o i l  on surfaces .  
These bear ings were received i n  the assembled condi t ion.  

Support Bearings Top Bearing Center Bearing Lower Bearing 

Same as top bearing. Same as top bear ing.  Bal ls  show no evidence of dam- Ba l l s  appear to be in 
age. Outer race had wider t r ack  good condition. Outer 
than t e s t  bearings. Retainers  race has one th in  rough- 
i n  good condi t ion.  O i l  f i lm  ened t rack.  Inner race 
v i s i b l e .  shows s l i g h t l y  l e s s  dam- 

age. Retainer i n  good 
shape. Plenty of o i l  l e f t .  

7.  Bearings Lubricated By Running-In With Liquid Suspension of MoS2. then Cleaning Off Liquid t o  Leave a Dry 
Film, Rotat ing Test .  

General Remsrks: These bear ings were received i n  the  assembled condi t ion.  

Support Bearings Top Bearing 

B a l l s  a r e  pol ished with s w i r l  Bal ls  polished, no v i s i b l e  
p a t t e r n  which i s  probably lub- f i lm.  Races have smooth 
r i c a n t  f i lm.  Races have smooth t racks with heavy depos i t s  
t r acks  with small amount of of brownish colored debr i s  
deb r i s  deposi ts .  caked on track. 

8. Osc i l l a t inn  Motion, Same Lubricant a s  N d e r  7.  

General Remarks: Same as Nlrmber 7.  

Support Bearing Top Bearing 

Bal ls  have s w i r l  pa t t e rn  i n  One b a l l  has heavy t r ans -  
contact  area.  Races have t r ans -  f e r  of what seems t o  be 
f e r r ed  ma te r i a l  b u i l t  up i n  lub r i can t  film. Races show 
contact  area.  heavy lubricant  d e b r i s  

t r ans fe r  but no metal 
damage. 

Center Bearing 

Bal ls  shiny but  with very 
l i g h t  p i t s .  Races s imi l a r  
t o  top bear ing but t r ack  
is s l i g h t l y  displaced a t  
one po in t .  

Center Bearing 

Ba l l s  a r e  p a r t i a l l y  d u l l .  
Outer and inner  races  
appear t o  have heavy pu l l -  
out  or t r a n s f e r  i n  one 
area.  

9 .  Osc i l l a t ing  Motion, Bearing Lubricated With Silicate-Bonded noS,-Fraphite Film. 

Lower Bearing 

Bal ls  a r e  not  as shiny and 
have more p i t s .  Races have 
rougher t r acks  with consid- 
erable  deb r i s .  

Lower Bearing 

One b a l l  shows heavy t r ans -  
f e r .  Races a re  s i m i l a r  t o  
center  bearing. 

General Remarks: 
t o  ge t  s teady torque readings. 

These bear ings were received i n  the  assembled condi t ion and required a 16-hour run-in 

Support Bearins Top Bearing Center Bearing Lover Bearing 

B a l l s  have l i g h t l y  mottled Bal ls  have ua t t l ed  appear- 
appearance. Races have d u l l ,  ance from lubricant  f i lm  
black,  heavy lub r i can t  smearing on surface. Races 
coat ing.  have d u l l  tracks with heavy 

lub r i can t  films. 

Same as  Top Bearing. Same a s  top bear ing.  
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Fig. 5 Schematic of Ball-Bearing Test Rig Used for Vacuum Tests 
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Fig. 5 

Fig. 50- P a r t s  L i s t  f o r  B a l l  Bearing T e s t  Rig 

Drive Motor 

Liquid Nitrogen F i l l i n g  Tubes (Three Spaced 120 apar t )  

Liquid Nitrogen Reservoirs (Three Spaced 120 apar t )  

Tubing Interconnecting Liquid Nitrogen Reservoirs 

Driving Magnet 

Driven Magnet 

Top Cover of Vacuum Chamber 

Top Pla te  of T e s t  Rig 

Bottom P l a t e  of Test Rig 

Connecting Pos ts  (Three Spaced 120 apar t )  
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0 

Upper Support Bearing 

Lower Support Bearing 

Gear Used f o r  Speed Signal 

Magnetic Pickup f o r  Speed Measuremnt 

T e s t  Bearing 

T e s t  Bearing Housing 

Copper Separator P l a t e s  f o r  Condensing Vapors (Used Above and Below 
Each Bearing) 

Retaining Bolt  f o r  Radial Load Wire (One f o r  Each Bearing) 

Radial  Load Wire (One f o r  Each Bearing) 

Adjustments f o r  Radial Load (One f o r  Each Bearing) 

Flexure with S t r a i n  Gages f o r  Measuring Load (One f o r  Each Bearing) 

Torque Arm Flexure with S t r a in  Gages (One f o r  Each Bearing) 

Thermocouple W e l l  (One i n  Each T e s t  Bearing Housing) 



F i g .  6 P a r t i a l l y  Assembled Bearing T e s t  Rig  



Fig .  7 Close-Up of Bearing T e s t  Rig Mounted t o  Top Cover o f  Vacuum Chamber 
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Fig.  9 Schemat.ic of S t a t i c  Load Test Rig 
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Center Test Bearing 

Lower T e s t  Bearing 

Support  Bearing 

I 
F i g .  13 Typica l  Contact Areas on Bearings 

MoS2 - Graph i t e  Film. 
Lubr ica ted  wi th  S i l i c a t e  Bonded 
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Fig. 14 Disassembled Bearing with Tool Steel Retainer, 
Lubricant - Sodium Silicate-Bonded MoS -Graphite Film 2 
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Average and Peak Torque Values Measured on Three T e s t  Bearings 
a t  30 RPM. Bearings 52100 Steel, S i ze  205, Phenolic Retainers. 
Lubricant - Burnished MoS2 F i l m .  Load - 10 pounds Radial 
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Typica l  B a l l  P o r t i o n  of Wear Track on Outer Race 

F i g .  1 7  Typ ica l  Contact Areas on Bearings Lubr i ca t ed  wi th  Burnished MoS2 F i l m  



Fig .  16 Debr is  on Sepa ra to r  P l a t e s  of Bearing Lubr ica ted  with Burnished MoS Fi lm e 
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Fig. 1 9  Typ ica l  Contac t  Areas on Bearings Lubr i ca t ed  with Evaporated 
Metal Films and O u t e r  Layer of MoS2 
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Fig.  20 Averagd and Peak Torque Meas 
30 RPM. Bearings, 52100 S t e  
Lubricant - High Vacuum O i l .  
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Fig. 22 Conclusion of Rotating Tests 
High Vacuum Oil 
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Fig. 2 3  Typ ica l  Contact Areas on Bearings Lubr i ca t ed  wi th  High Vacuum Oil 
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Fig. 25 Typical Contact Areas on Bearings with MoS Film Generated by 2 
Run-In From Liquid Suspension (Dry Film) 
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Fig. 27 Oscillating Test. Typica l  Areas on Bearings Lubr i ca t ed  w i t h  MoS 
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System Number 4 

Lost Vacuum. Moved T e s t  

Test Time - Hours 
Fig. 28 Oscillating Test. Torque Values on Three Test Bearings, 

Bearings 52100 Steel. Phenolic Retainers. Lubricant 
Silicate-Bonded MoS2-Graphite Film. 

Frequency is 2 Cycles per second and 14.3 cycles per second. 
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Figure 28 
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Fig .  29 O s c i l l a t i n g  Tes t ,  Typ ica l  Areas on Bearing wi th  S i l ica te -Bonded 
MoS2 - G r  aph i t e  Film. 
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APPENDIX A: TECHNIQUE FOR APPLYING SODIUM SILICATE-BONDED MoS2-GRAPHITE FILM 
TO BEARINGS 

The process ing  of t hese  bear ings  w a s  done by t h e  Aeronaut ica l  Materials Labora- 

t o r y .  The e s s e n t i a l  steps were: 

1. Prec leaning  races and b a l l s  by vapor degreas ing .  

2. Applying vapor b l a s t i n g  pre t rea tment  t o  phenol ic  r e t a i n e r s .  

3 .  Applying MoS2 powder (MIL-M-7866) t o  phenol ic  re ta iners  by 
burn ish ing .  

4 .  Spray depos i t i on  of NAEC-AML-23A inorganic  s o l i d  f i l m  l u b r i c a n t  
(MoS2 - ?1 wt. % ?  g r a p h i t e  - 7 w t  %., sodium s i l icate  - 22 w t  %) 
t o  races and r e t a i n e r s .  

5 .  Curing s o l i d  f i l m  by exposing t o  77 F - 0.5 hours ;  180 F - 2 hours ;  
250 F - 2 hours.  

Each s o l i d - l u b r i c a t e d  bea r ing  w a s  then assembled and packaged. 

FORMULATION, PREPARATION AND APPLICATION OF MoS2-GRAPHITE SODIUM SILICATE 
SOLID-FILM LUBRICANT (SPRAY CONSISTENCY) 

1. Formula Grams  

70 

- 
MoS powder 
( M i l i t a r y  S p e c i f i c a t i o n  MIL-L-7866 (ASG) ........................ 
Graphi te  powder 
( m i l i t a r y  Spec i i i ca t iGn  ?IIL-G-6?11) ............................ 
Sodium-s i l ica te  s o l u t i o n  
(pc t  r a t i o n  N a  0:SiO 
v i s c o s i t y  = 966 c e n t i p o i s e s )  .................................... 50 

W a t e r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  60 

7 a 

= 1:2.9, 43 p c t  s o l i d s ,  
2 

a Sieve  - U t i l i z e  on ly  t h a t  which passes  through 325 - mesh sc reen .  

2. P r e p a r a t i o n  

(a) MoS2 powder (70 g) and g raph i t e  powder (7 g) are mixed i n  a beaker.  

i s  added whi le  s t i r r i n g  the  mixture thoroughly. Continue a d d i t i o n  of water, 
s t i f f i n g  t o  i n s u r e  complete wet t ing  of t h e  powder mixture ,  u n t i l  a pourable 

s l u r r y  i s  obta ined .  

An excess amount of water w i l l  r e s u l t  i n  s epa ra t ion .  

t h e  mixture  should be d iscarded  and a second p repa ra t ion  us ing  f r e s h  c o n s t i t u e n t s  

i n i t i a t e d . )  

Water 

The t o t a l  quan t i ty  of water i s  approximately 60 g. (NOTE: 

I f  s e p a r a t i o n  i s  observed, 
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(b)  The pourable  s l u r r y  i s  added t o  sodium-s i l ica te  s o l u t i o n  (50 g) wi th  st ir-  

r i q  to obt.ain a uniform sprayable  mixture. 

NOTE: 

conta iner .  

Sodium-si l icate  s o l u t i o n  should be used w i t h i n  d a t e  s p e c i f i e d  on t h e  

3. Appl ica t ion  

(a) 

(b) 

(c) 

(d)  Apply l u b r i c a n t  t o  sur faces  of r e t a i n e r ,  r aces  and lands .  

(e)  Allow f i l m  to air  d r y  p r i o r  t o  applying success ive  coa t s .  

The mixture  i s  placed i n  a spray b o t t l e  (8 0 2 .  capac i ty )  and t h e  
spray b o t t l e  a t tached  t o  a spray gun. 

Mixture should be a g i t a t e d  immediately before  spraying.  

Spray p res su re  i s  approximately 40 p s i .  

4 .  Curing 

The coated specimens a t e  then subjected t o  t h e  fol lowing cu re  cyc le :  

(a) A i r  d ry  - 1/2 hour. 

(b)  180 F - 2 hours .  

(c) 300 F - 2 hours.  

5. Assembly arid Run-In 

When angular  con tac t  bea r ings  a r e  being used, t h e  bear ing  components should be 

coated and t h e  f i l m  cured. Then the  bear ings  should be assembled by hea t ing  

t h e  o u t e r  r a c e  t o  300 F and cooling t h e  inne r  r a c e  t o  approximately -50 F. 

Heavy snap f i t s  should be  avoided because of poss ib l e  damage t o  t h e  l u b r i c a n t  

f i lm.  

p r e s s u r e  t o  a s s u r e  f r e e  r o t a t i o n .  

ing  t h e  bear ings  out  w i th  about 20 ps ig  d r y  n i t rogen  o r  d r y  a i r ,  o r  t h e  bea r ings  

should be cleaned w i t h  a hand vacuum cleaner .  

The bea r ings  should then  be worked i n  c a r e f u l l y  by hand under ve ry  light 
Loose d e b r i s  should then  be  removed by blow- 

The bear ings  should t h e n  be  set up i n  a s u i t a b l e  f i x t u r e  and run - in  under the 
r equ i r ed  load and speed colrdftions f o r  about s i x t e e n  hours. 

run - in  i s  t o  determine t h e  consis tency of the bear ing  torque  and t o  remove 

excess  l u b r i c a n t  f i lm.  Where t h e  a p p l i c a t i o n  loads and speeds a r e  h igh ,  it 

would be  p r e f e r a b l e  t o  inc rease  the  load o r  speed by increments r a t h e r  t h a n  

s u b j e c t  t h e  bear ings  t o  t h e  f u l l  load o r  speed immediately. 

The purpose of t h i s  
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A f i n a l  c leaning wi th  dry  2 i t rogen  or a i r ,  o r  wi th  a vacuum c leane r ,  should be 

made t o  remove loose  debr i s .  

Torque should be measured and recorded be fo re  and a f t e r  run-in.  

not poss ib l e  t o  s p e c i f y  a p a r t i c u l a r  l e v e l  of to rque  without  knowing t h e  a c t u a l  

test  condi t ions ,  excess ive ly  high torque o r  e r r a t i c  to rque  behavior  should be 

cause f o r  r e j e c t i o n .  

While it i s  
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APPENDIX B: SURVEY OF THE LITERATURE ON THE USE OF SOLID LUBRICANTS FOR 
BEARINGS OPERATING I N  VACUUM. 

1. Buckley, D.H., Swikert ,  M.A., and Johnson, R.L., F r i c t i o n ,  Wear and Evapor- 
a t i o n  Rates of Various Materials i n  Vacuum t o  10-7 d g ,  Trans.  ASLE, Vol. 
5, No. 1, A p r i l  1962, p. 8. 

This  w a s  a s tudy of t h e  behavior of v a r i o u s  s o l i d  and l i q u i d  l u b r i c a n t s  i n  
vacuum. Evaporation s t u d i e s  and b a s i c  s l i d i n g  d a t a  were obtained on var- 
ious  MoS2-bonded f i lms .  The r e s u l t s  showed t h a t  epoxy-phenolic r e s i n s  and 

2 s i l i c o n e  r e s i n s  were more e f f e c t i v e  b inde r s  than sodium s i l i c a t e  f o r  MoS 
f i lms  i n  s l i d i n g  tests a t  low temperatures.  

Teflon and a l l  of t h e  bonded MoS2 f i lms  w e r e  s a t i s f a c t o r y  f o r  use  up t o  a t  
least 300 F as f a r  as evaporat ion rates were concerned. 

O i l  pumps were used f o r  t he  evaporat ion tes t s .  
Ion pumps backed by a mechanical pump which w a s  c ryogen ica l ly  b a f f l e d  
were used f o r  t he  s l i d i n g  tes ts .  

2 .  Evans, H.E. and F l a t l e y ,  T.W., Bearings f o r  Vacuum Operat ion - Reta ine r  
Material and Design, Presented  a t  t he  Avia t ion  Conference, Washington, 
D . C . ,  June 26-28, 1962. ASME paper No. 62-Av-11. 

Motor tests w e r e  run a t  10,000 rpm i n  a vacuum of 10 Torr ,  u s ing  s i z e  
R2-5 bear ings  wi th  va r ious  m e t a l  f i lms  as l u b r i c a n t s .  These were very  
l igh t ly- loaded  bear ings .  Over 1600 hours of running t i m e  were obtained 
on a gold-piated bearifig vl th B machined, s i l v e r - p l a t e d  " C i r c l e - C "  
r e t a i n e r .  A machined S-Inconel r e t a i n e r  a l s o  looked promising w i t n  a gold- 
p l a t e d  bear ing.  

-7 

It w a s  found t h a t  23+ c a r a t  gold, wi th  p l a t i n g  a d d i t i v e s  t o  improve i t s  
adherence and hardness ,  was super ior  t o  pure 24 carat  gold p l a t e .  

O i l  f r e e ,  ion-pumped systems were used. 

3 .  Bowen, P . H . ,  Dry Lubricated Bearings f o r  Operation i n  a Vacuum, Trans.  
ASLE. Vol. 5, No. 2, November 1962. p 315. 

Vacuum tests a t  Torr  were made wi th  s i z e  204 bear ings  which had 
v a r i o u s  s e l f - l u b r i c a t i n g  r e t a i n e r s .  The bear ings  were run a t  1800 rpm 
wi th  a 75-pound r a d i a l  load and a five-pound a x i a l  load.  These w e r e  
100-hour tes ts  al though support  bear ings  were operated f o r  as long as 
405 hours .  

Best ope ra t ion  w a s  obtained with r e t a i n e r s  made of Tef lon-g lass  f i b e r -  
MoS2, bronze-Teflon-MoS and Silver-Teflon-WSe 2 '  2' 

An oil-pumped system w a s  used. 
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4 .  Buckley, D.H. and Johnson R.L., Gallium-Rich Films as Boundary Lubricants 
in Air and in Vacuum to 10-9 d g .  
1963. 

Trans. ASLE. Vol. 6,  No. 1, January 

Gallium films were evaluated in sliding tests and were found to be promis- 
ing lubricants for certain material combinations. Corrosion resistance is 
an important consideration. 

An ion-pumped system with a mechanical forepump trapped by a cryogenically- 
cooled baffle was used. 

5 .  Lewis, P., Murray, S.F., Peterson3 J.B., and Esten, H . ,  Lubricant Evalua- 
tion for Bearing Systems Operating in Spat.ia1 Environments. Trans. ASLE, 
Vol. 6, No. 1, 1963. p. 67. 

This paper summarizes the results of a number of bearing evaluation programs 
which were performed for space applications. The evaporation characteristics 
of a number of promising oils and greases were determined at various temper- 
atures in vacuums ranging from 10-5 to 10-6 Torr. 

Several R-4 size instrument bearings lubricated with solid lubricants and 
soft metal films were evaluated at 3000 rpm with a 0.8-pound thrust load. 
A fused Teflon coating and a bismuth film showed the best life at 10-6 
Torr. 

This work was done in oil-pumped systems. 

6 .  Brown, R.D., Burton, R.A., and Ku, P.M., Evaluation of Oscillating Bearings 
for High Temperature and High Vacuum Operation. Trans. ASLE, Vol. 6,  
No. 1, January 1963. p 12. 

Oscillating plain bearings were evaluated over a temperature range from 
-90 F to +1750 F at vacuums from to l o q 6  Torr. The tests were run 
at 31 cycles per minute with a t.rave1 of 2 5 O  single amplitude and stresses 
from 4400 to 12,000 psi. 

Best results were obtained with MoS powder in the bearing cavity. A resin- 
bonded MoS 

Higher friction was measured at -90 F. 

film was effective unti? the film was worn away. 2 

This was an oil-pumped system. 

7. Devine, M.J., Lamson, E.R., and Bowen, J . H . ,  Jr. The Effect of the Chem- 
ical Composition of Metals in Solid Lubrication. Presented before Div. of 
Petroleum Chemistry, ACS, Los Angeles Meeting, March 31 - April 5, 1963. 

This is a general paper reviewing the r e s u l t s  of extensive work on the 
effect of the base metals on the performance of sodium silicate-bonded 
MoS -graphite films. 2 
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Tes ts  were run i n  a i r  a t  10,000 rpm, 750 F,  us ing  s i z e  204 bea r ings  wi th  a 
5-pound t h r u s t  and a 3-pound r a d i a l  load. Molybdenum r e t a i n e r s  gave l i v e s  
on the  o r d e r  of 1000 hours.  
t h i s  f i l m  ran  e f f e c t i v e l y  f o r  100 hours  a t  1000 F. 

A t  5 x lom6 Torr ,  a bea r ing  l u b r i c a t e d  wi th  

This  w a s  probably an oil-pumped system. 

8. Young, W.C.,  C lauss ,  F.J. and Drake, S.P., Lubr i ca t ion  of B a l l  Bearings f o r  
Space Appl ica t ions .  Trans.  ASLE. Vol. 6 ,  N o .  3, J u l y  1963. p .  178. 

Ins t rument -s ize  b a l l  bear ings  were eva lua ted  as motor support  bea r ings  i n  
vacuum a t  p re s su res  o f  10-7 eo 10-9 Tor r  u s ing  several o i l s  and d r y  f i l m  
l u b r i c a n t s .  Radia l  loads  of 155 t o  454 grams were used. The bea r ing  
speed w a s  8000 rpm. 

Best performance wi th  s o l i d - l u b r i c a n t  f i l m s  w a s  obtained on a sodium 
s i l ica te -bonded MoS2 f i l m  which ran  2213 hours be fo re  f a i l u r e .  
o t h e r  tests wi th  t h e  same f i l m  gave l ives  of 1862, 1796, 28 and 25 hours .  

However, 

Two s e l f - l u b r i c a t i n g  r e t a i n e r  materials showed promise. Both of t h e s e  
were r e in fo rced  Teflon. A 60 percent  Teflon, 40 percent  g l a s s  f i b r e  com- 
p o s i t e  w i t h  M0S2 w a s  s t i l l  running a f t e r  4353 hours  under an axial  load  
o f  0.25 pounds. 

Bearings l u b r i c a t e d  wi th  o i l s  and g reases  have been operated f o r  more than 
a year  a t  Torr .  

Ion-pmped systems were iiszc! with all dry l u b r i c a n t  f i lms  and composites. 

9. Boes, D . J .  and Bowen, P.H., Friction-Wear C h a r a c t e r i s t i c s  of Se l f -Lubr i ca t ing  
Composites Developed f o r  Vacuum Serv ice .  Trans. ASLE. Vol. 6, No. 3, J u l y  
1963. p. 192.. 

Composites made of s o l i d  l u b r i c a n t s  + Teflon + metals were i n v e s t i g a t e d  i n  
b a s i c  s l i d i n g  tests. The optimum compositions (Teflon-WSe2-silver and 
Teflon-WSe2-copper) were then  eva lua ted  i n  s i z e  204 and 305 bea r ings .  One 
hundred-hour tes ts  were run i n  vacuums from lom7 and Torr .  Radia l  
loads  from 75 t o  250 pounds were used a t  speeds of 1800 rpm and 35 rpm. 
T e s t  temperatures were va r i ed  from -180 F t o  +300 F. Promising r e s u l t s  
were obta ined .  

These were run i n  oil-pumped systems. 
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10. Lavik, M . T .  and Clow, W. L . ,  F r i c t i o n  and Wear C \ a r a c t e r i s t i c s  of a Ceramic- I -  
L 

, Bonded Sol id  Lubricant  Film. 1963 USAF Aerospace F lu ids  and LuSr icants  
I Conference. San Antonio, Texas. 

A Pbs: MoS2:B203 
i n  both a i r  and vacuum of about Torr .  T h t  wear l i f e  ipcreased by a 
f a c t o r  of t h r e e  i n  vacuum. 

l u b r i c a n t  f i lm  gave good wear I t f e  and f r i c t i o n a l  behavior  

This was an oil-pumped system. 

11. Proceedings of Space LubrLcation Corferenc t .  Fuels and Lubricants  Div is ion ,  
Report FL210/53 O f f i c e  of t h e  D i r e c t o r  of Defense Research a i d  Engineering. 

September 1963. 

This i s  a compilation of papers which summarize t h e  e f f o r t s  of var ious  
government agencies  and p r i v a t e  companies. Much of t h e  work i s  covered 
i n  t h e s e  a b s t r a c t s .  

12 Reichenbach, G - S . .  Shaw, R .  J r . .  ar.d F o s r e r  R . G .  Lubricant  Behavior i n  High 
Vacuum. Trans.  ASLE, Vol. 7 ,  No. 1, January 1 9 6 4 .  p .  82. 

Pin-on-disk s l i d i n g  f r i c t i o n  t e s t s  ar?d c rossed-cyl inder  load-carrying tes ts  
w e r e  run  i n  a i r  and i n  vacuum with v a r i o u s  o i l s .  

F r i c t i o n  was no t  changed s i g n i f i c a n t l y  by pressure  but  t h e  load-carrying 
a b i l i t y  of t h e  o i l s  w a s  decreased by more than  50 percent  i n  vacuum. 

These t e s t s  were run i n  oil-pumped systems. 

13 .  Bowen, P . H . ,  S o l i d  Lubr ica t ion  of Gears and Bear i rgs  i n  a Space Environment. 
Trans.  ASLE, Vol. 7 ,  No. 3, . Ju ly  1964. p.227. 

A study was made o f  h e a v i l y  loaded bear ings  and gears  running a t  speeds from 
30 t o  50 rpm a t  vacuums of t o  10-9 T o r r .  
chamber 

This  was an oil-pumped space 

Bearings with r e t a i n e r s  of Ag-Teflon-WSe2 and Cu-Teflon-WSe2 were used. 
I d l e r  gea r s  of t h e  same compositFons were used t o  supply l u b r i c a n t s  t o  
t h e  gear  t e e t h .  

Promising r e s u l t s  were obtained 

14. Browr?, R . D . ,  Burton, R . A . ,  and Ku, P .M. ,  Long Duration Lubr ica t ion  S t u d i e s  
i n  Simu!.ated Space Vacuum. Trans. ASLE, Vol .  7 .  No. 3 ,  J u l y  1964. p .  236. 

Both s l i d i n g  and r o l l i n g  contac t  bear ing  r e s t s  were run i n  ion-pumped 
systems. 

S l i d i n g  t e s t s  on resin-bonded MoS and s i l ica+e-bo?ded MoS showed 2 2 
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c comparable f r i c t i o n  r e s u l t s  a t  room temperature b u t  t h e  s i l i c a t e  f i l m  
showed h ighe r  f r i c t i o n  a t  300 F. 

B a l l  bear ings ,  s i z e  204,were run a t  1800 rpm w i t h  a 0.75 pound a x i a l  
load. Dry 52100 s teel  bear ings  wi th  pressed  s t ee l  r e t a i n e r s  f a i l e d  
i n  15-30 minutes.  With a bronze r e t a i n e r ,  s l i g h t l y  b e t t e r  l i f e  w a s  
obtained. 

Best b a l l  bea r ing  l i f e  w a s  obtained wi th  an epoxy-MoS 
A Teflon-glass-MoS2 r e t a i n e r  was much less e f f e c t i v e .  

A d i o c t y l  phthallate-impregnated porous bronze r e t a i n e r  ran  f o r  150 days 
b u t  ex tens ive  o i l  decomposition w a s  observed. 

composite r e t a i n e r .  2 

A s i l ica te -bonded MoS -g raph i t e  f i l m  gave two widely d i f f e r e n t  r e s u l t s .  
One b a l l  bea r ing  f a i l e d  i n  t h i r t e e n  days,  t h e  o t h e r  r a n  ve ry  e f f e c t i v e l y  
f o r  206 days.  

2 

15. Cra ig ,  W. D . ,  Jr. ,  F r i c t i o n  Var i a t ion  of PTFE and MoS Lubr i ca t ion  2 '  Engrg. Vol. 202 No. 7 ,  J u l y  1964. p.2?3. 

S t a r t i n g  f r i c t i o n  c h a r a c t e r i s t i c s  of fused Tef lon  and sodium s i l icate-  
bonded MoS -g raph i t e  f i l m s  were s tud ied  i n  small j o u r n a l  bear ings  a t  
10 p s i  stress. Temperatures from -130 F t o  +200 F were used a t  vacuum 
l e v e l s  of 10-7 t o  Torr.  Exposure t o  vacuum f o r  as long as f i v e  
months d i d  n o t  a f f e c t  t h e  coa t ings .  The f r i c t i o n  of the fused  Tef lon  
was a f f e c t e d  by temperature i n  t h e  range from -100 F t o  +150 F. The 
s i l i ca t e -bonded  MoS -g raph i t e  f i l m  va r i ed  only  s l i g h t l y  i n  f r i c t i o n  
w i t h  temperature.  

2 

2 

16. Campbell, M.E. and Van Wyk, J. J . ,  Development and Evalua t ion  of Lubr icant  
Composite Materials. Lubr ica t ion  Engrg. Vol. 20, No. 12,  December 1964. 
p .  463. 

A l a r g e  number of composite m a t e r i a l s  con ta in ing  MoS were f a b r i c a t e d  and 
screened i n  s l i d i n g  tests.  2 

The most promising composite (90 pe rcen t  MoS 8 pe rcen t  Fe, 2 percent  P t )  
w a s  made i n t o  a r e t a i n e r  and was run i n  a K1g2B t i t a n i u m  ca rb ide  b a l l  
bea r ing  a t  speeds ranging from 5000 t o  15,000 rpm, r a d i a l  loads  from 37.5 
t o  7 5  pounds , thrus t  loads  of 12.5 t o  2.5 pounds, temperatures from 300 t o  
680 F and a vacuum of 1 x 10-5 Torr.  
minutes  because of a malfunction i n  t h e  test  equipment. 

The t e s t  was terminated a f t e r  140 

T h i s  appeared t o  be a promising approach. 

Oil-pumped equipment w a s  used fo r  vacuum. 

17.  Devine, M . J . ,  Lamson, E .R . ,  C e r i n i ,  J .P . ,  and McCartney, R . J . ,  S o l i d s  
and So l id  Lubr i ca t ion .  Lubr ica t ion  Engrg., Vol. 2 1 ,  N o .  1, January 
1965. p .  16. 

This paper i s  a gene ra l  review of sol.id l u b r i c a n t s  and a l a r g e  number 



of t y p i c a l  examples and t h e  t e s t  parameters are given.  

18. Hopkins, V. and Gaddis, D. F r i c t i o n  of So l id  Film Lubr icants  Being 
Developed f o r  Use i n  Space Environments. Lubr i ca t ion  Engrg. Vol. 21, N o .  
2 . ,  February 1965, p.  52. 

Basic s l i d i n g  eva lua t ions  were run a t  l i g h t  loads  and a t  temperatures 
from 80 F t o  400 F i n  a i r  and in  a vacuum of Torr .  Sodium s i l ica te -  
bonded MoS and g raph i t e ,  and modi f ica t ions  of t h i s  f i l m  by the  add i t ion  
of go ld ,  bismuth or molybdenum, showed promise. Addit ions of gold or 
bismuth appeared t o  improve f r i c t i o n  ir. vacuum, p a r t i c u l a r l y  a t  80 F. 
These a d d i t i v e s  may a l s o  increase  t h e  wear l i f e  of  t h i s  f i lm.  

2 

These tests were made i n  an oil-pumped system. 

19. Flom, D. G . ,  Hal tner ,  A. J., and Gaulin,  C.A., F r i c t i o n  and Cleavage of 
Lamellar S o l i d s  i n  Ultra-High Vacuum. Trans.  ASLE. Vol. 8, No. 2, Apr i l  
1965. p .  133. 

Evidence i s  presented  t h a t  NOS does not  r e q u i r e  adsorbed gases  o r  vapors  
t o  be an e f f e c t i v e  l u b r i c a n t  i n  vacuum. 

Work w a s  done i n  lo” Torr  range us ing  ion-pumps. 

2 

20. Other References Which Were Not Abstracted:  

21. Westmoreland, R . ,  and Reed, J . D .  Vacuum Tes t ing  Bearings.  Space Aero- 
Ilsrutics. Bel. 37, 1962. pp. 1?5-1??. 

22. Boes, D. J . ,  Long Term Operation and P r a c t i c a l  L imi t a t ions  of Dry, S e l f -  
Lubricated Bearings.  Lubricat ion Engrg., Vol. 19,  No. 4 ,  Apr i l  1963, 
p .  137 .  

23. Proceedings of a Symposium on Lubr ica t ion  i n  Space. Arthur D. L i t t l e ,  
1963. 
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